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PREFACE 


This  report  provides  a historical  reliability  growth  assess- 
ment for  the  UH-lD  and  AH-IG  helicopters  and  a reliability 
growth  prediction  technique  for  helicopters.  The  analysis  was 
conducted  under  Contract  DAAJ02-73-C-0097  for  the  Eustis 
Directorate,  U.  S.  Army  Air  Mobility  Research  and  Development 
Laboratory  (USAAMRDL) , Fort  Eustis,  Virginia,  with  technical 
direction  provided  by  Messers.  T.  L.  House  and  V.  W.  Weiner, 

The  author  wishes  to  express  appreciation  for  the  technical 
assistance  of  Messrs.  J.  A.  Gean,  Chief  of  Reliability, 
Maintenance  Technology,  and  System  Safety,  Bell  Helicopter 
Company,  and  G.  E.  Knudsen,  Group  Engineer  for  Reliability, 
Bell  Helicopter  Company.  Their  efforts  made  a significant 
contribution  to  the  performance  of  this  program. 
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1.0  INTRODUCTION 


The  prediction  and  measurement  of  reliability  growth  during 
the  development  of  new  systems  has  become  a major  issue  in 
the  Department  of  Defense.  The  program  planning  requirements 
for  UTTAS  (Utility  Tactical  Transport  Aircraft  System)  and 
AAH  (Advanced  Attack  Helicopter)  dictate  that  reliability 
milestones  be  established  and  the  development  test  effort  be 
tailored  to  achieve  the  projected  reliability  growth  for  the 
new  systems.  It  has  become  apparent  that  the  only  reasonable 
way  to  derive  expected  reliability  growth  rates  is  to  perform 
an  in-depth  analysis  of  previously  developed  similar  systems. 
Helicopter  reliability  growth  histories  can  be  explored,  and 
from  extrapolation  of  the  data  a prediction  technique  may  be 
formed.  Although  certain  work  has  been  conducted  to  under- 
stand reliability  growth  for  helicopter  major  dynamic  com- 
ponents (transmission,  rotor  heads,  etc.),  an  analysis  of 
system  level  growth  has  not  been  accomplished. 

There  is  currently  a prediction  technique,  the  RPM  (Relia- 
bility Planning  and  Management)  method,^  that  works  quite 
well  for  comp  .lex  electronic  equipment.  It  is  statistically 
sound  and  easy  to  apply.  Because  of  this,  it  is  tempting  to 
apply  it  to  systems  that  it  does  not  fit.  Further,  it  re- 
quires an  exe::cise  in  engineering  judgment  in  selecting 
values  for  its  parameters.  Small  errors  in  selecting  these 
values  can  cause  large  errors  in  test  time  requirements.  In 
addition,  there  has  not  been  a study  to  substantiate  its  use 
for  helicopters. 

The  goals  of  this  study  were  to  evaluate  the  reliability 
growth  histories  of  three  helicopters,  the  UH-lD,  the  AH-IG, 
and  the  OH-58A,  and  to  determine  growth  characteristics  and 
parameters  that  may  be  applicable  to  future  aircraft  develop- 
ment. Early  in  the  analysis  it  was  found  that  the  data 
required  to  support  an  analysis  of  the  OH-58A  reliability 
growth  was  not  available.  This  aircraft  was  dropped  and  the 
study  was  centered  around  the  UH-ID  and  AH-IG.  An  account  of 
the  factors  leading  to  termination  of  the  OH-58A  analysis  is 
presented  in  Appendix  A.  The  UH-ID  and  AH-IG  growth  histories 
were  evaluated  to  determine  if  they  are  typical  of  the  RPM 
technique.  If  they  are  not  typical,  then  a basis  for  a 


^Miller,  S.  G.,  and  Selby,  J.  D. , Reliability  Planning  and 
Management  (RPM) , The  General  Electric  Company,  Utica, 

New  York,  .September  26,  1970. 
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viable  prediction  technique  must  be  developed.  The  UH-lD  and 
AH-lG  are,  respectively,  utility  and  attack  helicopters  which 
have  been  produced  and  used  in  large  quantities  for  sufficient 
flight  hours  to  make  their  use  feasible  in  such  an  evaluation. 
Further,  under  the  M&R  program,  ^ ^ a controlled  sample  of 
helicopters  from  each  UH-ID  and  AH-IG  fleet  was  monitored  for 
failure  and  unscheduled  maintenance  actions.  These  data  were 
subsequently  used  to  introduce  design  changes.  These  in  turn 
led  to  the  reliability  growth  experienced  by  these  two  air- 
craft. The  data  from  the  M&R  program  were  used  in  this  study 
to  determine  the  rate  of  reliability  growth  and  to  determine 
the  growth  characteristics  of  the  UH-ID  and  AH-IG. 

In  addition  to  the  M&R  program,  there  were  other  data  sources 
investigated  in  support  of  this  study.  Several  analyses  were 
conducted,  but  did  not  further  this  study.  Appendix  A 
presents  these  sources  with  the  various  reasons  for  their 
rejection. 

The  Mean-Time-Between-Removals  (MTBR)  parameter  and  its  re- 
lationship to  subsystem  level  reliability  growth  was  inves- 
tigated. However,  it  was  found  that  the  data  were  not  in  a 
form  that  would  allow  the  required  information  to  be  extracted 
in  a cost-effective  manner.  Budget  and  time  considerations 
dictated  that  this  part  of  the  study  be  abandoned. 

As  the  study  progressed,  it  became  apparent  that  many  factors 
influenced  reliability  growth  and  had  to  be  examined.  It 
also  became  obvious  that  the  time  and  funds  available  limited 
the  depth  of  examination  of  all  factors  and  required  careful 
direction  of  the  effort  in  order  to  accomplish  the  most  with 
the  funds  available. 


^Contract  AF  33-657-11111,  UH-1  Maintainability  and  Reliability 
(M&R)  Program,  May  1965  through  January  1966. 

^Contract  DA23-204-AMC-03694 (T) , UH-1  M&R  Program,  January  1966 
through  April  1967. 

‘'Contract  DAAJ01-67-C-1588  (G)  , UH-l/AH-1  M&R  Program,  April  1967 
through  June  1970. 
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Some  of  the  factors  affecting  reliability  growth  are: 
rate  of  test  time  accumulation 
rate  of  failure  mode  identification 
rate  of  problem  corrective  action  initiation 
cost  of  corrective  action 

time  lag  between  initiation  of  corrective  action 
and  the  incorporation  of  redesigned  hardware 
on  the  helicopter 

- program  intensity 

These  and  other  factors  were  examined  for  their  individual 
impact  on  reliability  growth. 
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2 . 0 APPROACH 


2.1  BASIC  CONSIDERATIONS 

In  the  past,  references  to  reliability  growth  have  been 
associated  with  development  programs  for  new  equipment.  For 
that  reason,  the  original  intent  of  this  contract  was  to 
closely  examine  bench  test  records,  quality  conformance 
tests,  and  flight  test  records.  It  was  planned  that  data 
could  then  be  extracted  from  them  that  would  allow  relia- 
bility growth  tracking  during  their  development  period.  In 
examining  these  records,  it  became  obvious  early  in  the 
program  that  the  required  information  was  not  available  in 
any  form  that  would  allow  reliability  growth  to  be  tracked 
against  test  hours.  Further,  none  of  the  three  aircraft  had 
formal  reliability  programs  during  development.  However,  the 
UH-lD  and  the  AH-IG  were  subjects  of  an  M&R  program  during 
their  early  production  years.  It  is  reasonable  to  assume 
that  the  periods  of  R&M  monitoring  are  the  development  phases 
of  these  aircraft  since  a concerted  effort  was  being  made  to 
eliminate  specific  failure  modes. under  a controlled  program. 

A 2400-flight  hour  reliability  and  maintainability  demonstra- 
tion was  the  only  test  program  conducted  on  the  OH-58A  produc- 
tion aircraft.  Only  two  aircraft  of  the  same  fiscal  year 
model  were  used.  Although  current  reliability  v/as  tracked, 
reliability  growth  was  not.  The  data  were  not  used  specifi- 
cally for  eliminating  failure  modes.  Design  changes  were 
made  based  on  the  data;  however,  this  did  not  constitute  a 
development  program.  Therefore,  no  attempt  was  made  to  use 
the  data  for  reliability  growth  study  purposes. 

Subsystems  not  required  for  flight  by  the  basic  helicopter 
were  not  considered  in  this  study.  This  was  done  to  eliminate 
hardware  not  common  to  the  UH-lD  and  the  AH-IG,  and  to  keep 
the  subject  of  the  study  centered  around  the  air  vehicle. 

For  these  reasons,  communications  and  navigation  avionics  and 
weapons  subsystems  equipment  were  not  considered  in  the 
aircraft  failure  rates. 

The  goals  of  this  study  were  accomplished  by  the  following 
tasks,  discussed  in  chronological  order.  The  UH-lD  and  AH-lG 
reliability  growth  histories  were  examined  and  significant 
characteristics  discussed.  The  growth  histories  were  then 
compared  to  each  other,  establishing  those  points  where  they 
are  alike  and  where  they  differ.  Included  is  a discussion  of 
the  various  stimuli  that  influenced  the  reliability  growth 
rates  of  the  helicopters  and  the  effect  that  each  may  have 
had.  Next,  the  parameters  of  the  RPM  technique  for  relia- 
bility growth  prediction  were  applied  to  the  growth  histories 
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of  the  two  aircraft.  A limited  prediction  technique  was  then 
developed  based  on  the  reliability  growth  experiences  of  the 
UH-lD  and  AH-IG. 

2.2  APPROACH  TO  RELIABILITY  GROWTH  ASSESSMENT  OF  UH-ID  AND 
AH-IG  HELICOPTERS 

2.2.1  Factors  That  Led  to  Use  of  M&R  Program  Data 

Reliability  growth  of  UH-ID  and  AH-IG  helicopters  was  attained 
by  detecting  and  defining  existing  and  potential  problems  and 
by  initiating  and  incorporating  corrective  action.  The  UH-1/ 
AH-1  M&R  Program  provided  the  only  documented  history  of  such 
events  including,  in  most  cases,  verification  of  problem 
correction.  Accountability  required  for  individual  failures, 
time  bases,  and  corrective  actions  provided  the  foundation  for 
the  reliability  growth  assessment  presented  in  this  report. 

The  M&R  data  supplied  further  information  on  component/system 
description,  failure  modes,  problem  analysis,  recommendations 
and  status.  The  M&R  Program  for  both  the  UH-lD  and  the  AH-IG 
based  its  activities  on  failure  monitoring  of  delivered  pro- 
duction aircraft  in  their  real-life  environment.  Reliability 
growth  is  evaluated  by  measurement  of  those  incremental  failure 
rate  improvements  induced  by  each  corrective  action  incorpo- 
rated on  subsequently  manufactured  aircraft. 

2.2.2  Discussion  of  UH-lD/AH-lG  Helicopters  Monitored  by  the 
M&R  Program 

Neither  the  OH-ID  nor  the  AH-IG  had  formal  reliability  programs 
during  their  design  phases.  Thus,  the  M&R  program  had  no 
development  program  impact  on  these  aircraft.  This  and  the 
shortcomings  of  other  sources  investigated  (see  Appendix  A) 
have  precluded  attempts  to  make  a historical  reliability 
growth  assessment  for  these  helicopters  during  the  period 
between  program  inception  and  first  flight.  This  study 
investigated  reliability  growth  beginning  with  initial  air- 
craft deliveries. 

M&R  program  data  covered  more  fiscal  year  (FY)  configurations 
for  the  UH-ID  than  it  did  for  the  AH-IG.  In  the  course  of  the 
program,  begun  in  June  1964,  five  fiscal  year  configurations 
of  the  UH-ID  were  monitored.  The  data  include  FY62  through 
FY66  aircraft,  with  monitoring  ending  August  1967.  Records  of 
corrective  action  production  effectivity  permitted  reliability 
growth  to  be  calculated  through  the  FY69  production  UH-ID. 

AH-IG  failure  monitoring  began  in  June  1967  and  ended  with 
program  termination  in  October  1969.  Included  were  data 
samples  from  FY66,  FY67,  and  FY68  aircraft.  Corrective  action 
effectivities  permitted  reliability  growth  to  be  calculated 
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through  the  FY70  production  AH-lG.  Reliability  growth  for 
eight  FY  production  models  of  the  UH-lD  is  compared  to  that 
for  five  of  the  AH-IG. 


Reliability  growth  of  the  UH-ID  and  AH-IG  resulted  mostly  from 
design  changes  initiated  to  eliminate  specific  failure  modes. 
Tables  1 and  2 siimmarize  those  changes  that  were  made  to  each 
new  UH-ID  and  AH-IG  fiscal  year  model,  respectively,  that  made 
it  a unique  configuration  with  a corresponding  unique  MTBF. 
Nonhardware  changes  included  procedural  changes  and  technical 
manual  changes. 

2.2.3  M&R  Indexed  Problems  Used  in  the  Analysis 

The  M&R  Program  Monthly  Progress  Report®  was  used  to  establish 
the  causes  for  reliability  growth  and  operating  or  test  time 
required  to  identify  the  problems  and  validate  their  corrective 
action.  Information  used  to  establish  the  facts  and  chronol- 
ogy of  these  events  was  found  in  problem  narratives  of  the 
monthly  progress  report.  These  problems  were  assigned  an  index 
number  when  they  were  initially  researched.  In  general,  seven 
occurrences  of  a failure  mode  were  considered  to  justify  an 
investigation  to  determine  whether  a problem  truly  existed. 
However,  safety-of-f light  failure  modes  were  considered  to  be 
identified  problems  the  first  time  they  occurred.  Numbers  1 
through  133  are  UH-ID  related  problems.  Numbers  601  through 
883  are  AH-IG  related  problems. 

Tables  3 and  4 present  summaries  of  the  UH-ID  and  AH-IG  problems 
addressed  in  the  progress  report.  They  show  equipment  failure 
rates  (where  corrective  action  was  accomplished)  prior  to 
corrective  action  (X^)  and  subsequent  to  corrective  action 

(X^) . Notes  and  comments  provide  details  on  individual  problem 

disposition  at  the  end  of  the  M&R  program. 

Of  the  133  UH-lD  problems  identified: 

61  had  corrective  action. 

30  were  avionics,  navigation,  or  weapons  subsystem 
equipment  failures  and  thus  were  not  applicable 
to  this  project. 


®Fox,  R.  G. , UH-1,  AH-IG  Maintainability  and  Reliability 
Program  (M&R)  Monthly  Progress  Report,  Report  Number  205-099- 
157,  Revision  AW,  Bell  Helicopter  Company,  Fort  Worth,  Texas 
76101,  June  30,  1970. 
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8 were  not  considered  to  be  significant  at  the  time 
and  were  closed  without  corrective  action. 

2 were  "lived  with"  as  no  feasible  solution  exists. 

17  had  corrective  actions  proposed  which  were  pending 
when  the  UH-ID  portion  of  the  M&R  program  ended. 

15  had  corrective  actions  recommended  which  were  re- 
jected by  the  customer. 

Rejections  were  usually  based  on  the  lack  of  cost  effective- 
ness, lead  time  problems,  and  other  factors  recorded  in  the 
minutes  of  the  M&R  program  monthly  meet^ings. 

Of  the  283  AH-IG  problems  identified: 

- 92  had  corrective  action. 

88  were  avionics,  navigation,  or  weapons  subsystem 
equipment  failure  and  thus  were  not  applicable  to  this 
project. 

22  were  not  considered  to  be  significant  and  were 
dropped  without  corrective  action. 

1 was  "lived  with"  as  no  feasible  solution  exists. 

77  either  had  solutions  pending  or  had  investigations 
still  in  progress  when  the  M&R  program  was  terminated. 

3 had  corrective  action  rejected  by  the  customer. 

2.2.4  Procedure  Used  To  Analyze  the  M&R  Program  Data 

The  same  technique  was  used  to  assess  reliability  growth  for 
both  the  UH-ID  and  the  AH-IG.  In  general,  the  analysis  is 
based  on  measurement  of  the  change  of  aircraft  fai  .ure  rate 
resulting  from  corrective  action.  The  corrective  actions  in 
the  form  of  altered  designs,  deletion  of  parts,  substitution 
of  parts,  configuration  changes,  procedural  changes,  etc. , 
were  inititated  to  alleviate  specific  failure  modes  with  known 
failure  rates.  By  subtracting  from  the  total  aircraft  failure 
rate  the  amount  by  which  corrective  action  decreased  these 
known  failure  rates,  reliability  growth  was  established. 

This  was  accomplished  in  the  following  steps: 

Monitored  flight  hour  values  were  determined  from 
computer  listings  of  monitored  aircraft.  An  example 
of  these  listings  is  presented  in  Figure  1. 


19 


► 


The  components  that  experienced  a reliability 
improvement  were  determined  from  problem  narratives 
in  the  205-099-157  UH-1,  AH-lG  M&R  Monthly  Progress 
Report.  An  example  of  these  narratives  is  presented 
in  Figure  2. 

Failure  rates  prior  to  corrective  action  (^q)  and 

following  corrective  action  (X^)  and  the  effectivity 

dates  of  the  corrective  action  were  established  for 
those  of  components  that  experienced  a reliability 
improvement.  The  problem  narratives  provided  the 
effectivity  of  the  problem  corrective  actions.  The 
failure  rates,  and  X^,  were  determined  from  failure 

counts  and  time  bases.  The  MTBFq  values  were  computed 
by  dividing  the  number  of  failures  experienced  by  a 
component  prior  to  receiving  corrective  action  into 
the  number  of  flight  hours  accumulated  prior  to  the 
effectivity  date  of  the  corrective  action.  Taking 
the  reciprocal  of  that  MTBF  provided  the  failure 
rate,  X^.  The  MTBF^^  values  were  computed  by  dividing 

the  number  of  failures  experienced  by  a component 
after  receiving  corrective  action  into  the  accumu- 
lated flight  time  following  the  effectivity  date  of 
the  corrective  action.  Examples  of  the  data  listings 
from  which  the  failure  counts  were  made  are  presented 
in  Figures  3 and  4.  Note  that  many  of  the  corrected 
problems  exhibited  a residual  failure  rate  of  zero, 
i.e.,  = 0.  This  occurred  due  to  either  of  two 

reasons;  the  problem  component  was  eliminated  from  the 
helicopter  or  the  redesigned  component  experienced  no 
failures  during  the  subsequent  monitoring  period. 

- A baseline  failure  rate  was  computed  from  failures 
of  those  components  that  did  not  experience  a relia- 
bility improvement,  i.e.,  received  no  design  change. 
This  was  accomplished  by  counting  those  failures  and 
dividing  that  number  into  the  total  aircraft  time 
base  for  a baseline  MTBF.  The  reciprocal  is  the 
baseline  failure  rate.  Tables  5 and  6 are  baseline 
failure  rate  summaries  for  the  UH-ID  and  AH-lG, 
respectively.  Failure  counts  are  shown  that  per- 
mitted a baseline  failure  rate  to  be  calculated  for 
each  subsystem.  The  sum  of  the  subsystem  baseline 
failure  rates  is  the  total  aircraft  baseline  failure 
rate. 
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- By  grouping  ?^q's  and  X^'s  of  the  corrected  problems 

by  the  fiscal  year  effectivity  of  their  correction 
and  summing  those  rates  for  each  fiscal  year  with 
the  baseline  failure,  the  total  aircraft  failure 
rate  is  computed  for  each  fiscal  year.  Figure  5 
illustrates  this  procedure.  Tables  7 and  8 and 
Figures  6 and  7 present  the  UH-ID  and  AH-lG  growth 
summaries. 

Note  that  these  plots  show  the  MTBF  attained  by  each  FY  heli- 
copter at  the  time  of  its  entry  into  service.  The  7.8-hour 
off-board  value  for  the  YUH-ID  is  the  off-board  MTBF  as 
defined  by  the  Army  1000-hour  Logistical  Evaluation.®  The 
6.6-hour  value  for  lots  4 and  5 FY  66  AH-lG's  is  the  off-board 
MTFB  established  by  early  CONUS  monitoring  of  the  AH-IG  prior 
to  delivery  of  the  AH-IG  to  Vietnam. 

Note  in  Tables  5 and  6 the  flight  hour  values  used  in  com- 
puting the  baseline  failure  rates.  The  total  M&R  program 
flight  time  was  49,947  hours  for  the  UH-lD.  However,  the  UH-ID 
baseline  failure  rate  is  computed  from  a time  base  of  24,824 
flight  hours.  Early  in  the  UH-lD  analysis  portion  of  this 
study  it  was  believed  that  the  accuracy  of  the  M&R  program 
data  could  be  increased  by  selecting  only  certain  aircraft 
for  use  in  the  analysis.  The  selection  criteria  were  designed 
to: 


eliminate  infant  mortality  failures, 

- provide  data  from  aircraft  with  a continuous  monitoring 
history, 

omit  those  aircraft  where  evidence  of  incomplete 
failure  reporting  existed,  and 

reduce  the  influence  of  the  first  component  overhauls. 

These  criteria  resulted  in  26  UH-ID  aircraft  being  selected 
whose  total  M&R  flight  time  was  24,824  hours.  Selection  of 
these  aircraft  was  tedious  and  time  consuming.  The  UH-ID 
analysis  using  those  26  aircraft  was  performed,  with  the  re- 
sults being  presented  in  this  study.  Prior  to  the  start  of 
the  AH-lG  work,  a sensitivity  analysis  was  conducted  to 
determine  what  differences  in  outcome,  if  any,  resulted  from 


®U.  S.  Army  Transportation  Aircraft  and  Support  Activity,  1000- 
Hour  Logistical  Evaluation  - YUH-ID,  Fort  Rucker,  Alabama,  1962. 
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using  selected  aircraft  versus  all  of  the  monitored  aircraft. 

No  differences  were  found  to  exist.  Therefore,  the  AH-IG 
analyses  were  conducted  using  all  of  the  monitored  aircraft. 
Since  there  was  nothing  to  be  gained  by  reworking  the  UH-lD 
analyses  using  all  of  the  monitored  UH-ID  aircraft  and  since 
the  cost  of  rework  was  high,  the  analysis  was  left  in  its 
current  form. 

2.2.5  Cautions  Discussed  for  Programs  With  Similar'  Goals 

The  intent  of  the  M&R  programs  was  to  identify  and  correct 
problems.  In  accomplishing  this,  the  UH-lD  and  AH-IG  aircraft 
experienced  significant  reliability  growth.  It  is  not  unreason- 
able to  review  the  approach  of  the  M&R  program  and  compare  that 
to  another  program  designed  to  accomplish  similar  goals.  The 
Eustis/Boeing  approach^  deserves  particular  attention.  Its 
logic  is  that: 

If  one  generally  knows  the  modes  of  failure  that 
will  occur  on  components  of  a newly  designed  helicop- 
ter, reliability  tests  run  for  a period  twice  the  MTBB' 
of  a particular  failure  mode  will  have  an  87  percent 
probability  of  exposing  that  mode,  thus  permitting  its 
« correction.  Further,  if  the  requirement  is  to  expose 
as  many  failure  modes  as  possible  equal  to  or  less  than 
a given  MTBF,  testing  can  be  conducted  for  a period 
twice  the  given  MTBF  value,  then  87  percent  of  those 
failure  modes  with  an  MTBF  equal  to  the  given  MTBF 
value  will  be  exposed.  For  those  failure  modes  with 
MTBF’s  less  than  the  given  value,  greater  than  87  per- 
cent will  be  exposed. 

Note  that  most  of  the  helicopter  failure  modes  listed  as  identi- 
fied and  corrected  in  Tables  3 and  4 have  an  MTBF  equal  to  or 
less  than  5,000  hours.  Using  the  Eustis/Boeing  approach  it 
might  be  logical  to  assume  that  a 10,000  test  period  spread 
over  several  prototype  vehicles  could  have  yielded  close  to 
the  same  results  obtained  on  the  UH-lD  and  AH-IG  M&R  programs 
where  monitored  flight  hours  were  50,000  and  66,000  hours. 


^Rummel,  K.  G. , "Helicopter  Development  Reliability  Test  Require 
ments,"  USAAMRDL  Technical  Report  71-18,  from  the  Boeing 
Company,  Vertol  Division,  Philidelphia,  Pennsylvania,  to 
Eustis  Directorate,  USAAMRDL,  Fort  Eustis,  Virginia,  April 
1971. 
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respectively.  However,  in  making  that  assumption  important 
factors  evident  in  the  M&R  programs  may  be  easily  overlooked; 

- Many  failure  modes  are  calendar  time  dependent.  Thus, 
a relatively  short  calendar  period  test  program  may 
not  reveal  these  failure  modes,  even  though  the  test 
hours  are  adequate. 

- A significant  number  of  failure  modes  are  environment 
dependent  and  will  not  be  exposed  in  a test  program 

on  prototype  aircraft.  The  M&R  programs  were  conducted 
on  fielded  initial  production  aircraft  in  their  actual 
combat  environment.  Testing  in  a sterile  environment 
will  expose  only  those  failure  modes  that  are  inherent 
to  the  hardware. 

Corrective  actions  initiated  for  failure  modes  identi- 
fied during  a short  duration  prototype  test  program 
will  most  likely  not  be  incorporated  until  the  first 
production  aircraft  is  produced.  Thus,  the  effective- 
ness of  a corrective  action  will  not  be  evaluated  v/hile 
the  test  is  still  in  progress.  In  turn,  reliability 
growth  cannot  be  fully  evaluated.  This  is  not  to  say 
that  reliability  growth  cannot  be  evaluated  while  test- 
ing is  in  progress.  However,  to  do  so,  a pattern  of 
"test-fail-stop  test-incorporate  design  fix  - test  to 
verify"  would  be  required.  Since  design  changes  to 
helicopters  require  long  lead  times,  following  such  a 
pattern  would  be  unrealistic.  Equipment  and  personnel 
would  remain  idle  for  long  periods  and  the  length  of 
the  program  would  be  prohibitive. 

A large  amount  of  test  time  is  required  to  ensure  suf- 
ficient exposure  of  failure  modes  for  problem  identi- 
fication. In  general,  seven  occurrences  of  a failure 
mode  in  the  M&R  program  were  considered  to  justify 
investigation  to  determine  whether  a problem  truly 
existed.  With  95  percent  confidence,  a particular 
failure  mode  could  be  expected  to  be  seen  on  between 
10  and  43  percent  of  the  fleet  when  it  was  observed 
7 times  on  the  monitored  sample  of  40  aircraft.  Moni- 
toring a small  group  of  prototype  aircraft  will  not 
provide  a statistical  base  for  projecting  fleet  problems 
based  on  the  sample. 
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TABLE  1.  UH-ID  CONFIGURATION  CHANGES 
DURING  MONITORING  PROGRAM 


Fiscal  Year 
Aircraft 

FY62 

FY63 

FY64 


FY65 


Configuration  Changes 
Basic  configuration 

Tail  rotor  sprocket  cover  redesigned. 

Cargo  door  stop  redesigned  for  increased 
strength. 

Redesigned  compartment  door  latches  installed. 

Shoulder  harness  inertia  reel  and  manual  con- 
trol repositioned. 

42-degree  gearbox  input  quill  Buna-N  seal 
replaced  with  silicone  rubber  seal. 

Mesh  screen  wire  added  to  fuel  pump  outlet 
fitting. 

Cargo  hook  hole  bumper  removed  from  airframe. 
Redesigned  bumper  added  to  hook. 

Doublers  added  to  outside  skin  panels  in 
tail-boom. 

Self-locking  feature  added  to  Rivnuts  on  skid 
gear  attach  bolts. 

Doublers  added  to  upper  and  lower  engine  air 
induction  baffle. 

Landing  gear  cross- tube  strap  increased  in 
Iwidth. 

Stiffener  added  to  lower  engine  panel  assembly.] 

Hydraulic  inspection  panel  redesigned  without 
transparent  window. 

Crimp  added  to  tail-boom  fin  access  door  hinge. 
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TABLE  1.  (Cont'd) 


Fiscal  Year 

Aircraft 

Configuration  Changes 

FY65 

Transmission  mount  damper  redesigned  and  wave 

(Cont'd) 

washer  added. 

Stitching  modified  for  troop  seats. 


Protective  covers  added  to  pilot/copilot  seat 
assemblies. 

Reconfigured  gravity  feed  hydraulic  system 
added . 

Steel  sleeve  added  between  outer  bearing 
surface  and  scissor  lever  bore. 

Redesigned  main  rotor  pitch  link  rod-end 
bearing  added. 

Tail  rotor  hydraulic  boost  cylinder  piston 
rod  size  decreased. 

Teflon  fabric  bearing  added  to  synchronized 
elevator  forward  bellcrank. 

Improved  bearing  installed,  synchronized 
elevator  control  idler. 

Main  rotor  blade  leading-edge  material  changed 
to  improve  erosion  characteristics. 

Pitch-horn  bolt  reversed. 

FY66  Engine  barrier  filter  added. 

Redesigned  clamping  installed  for 
transmission  oil  hoses. 

Threaded  oil  plub  replaced  snap-in  plug  in 
transmission. 

Swash-plate  ring  assembly  horn  redesigned 
for  increased  strength. 


Transmission  fairing  seal  redesigned  with 
additional  retainers. 


TABLE  1.  (Cont'd) 


Fiscal  Year 
Aircraft 


Configuration  Changes 


FY66 

(Cont'd) 


Engine  air  inlet  filter  seal  redesigned 
with  improved  retainers. 


FY67 


FY68 


Transmission  left  beam  assembly  redesigned 
for  increased  tensile  strength. 

Vibration  dampers  added  between  air  inlet 
screen  and  oil  cooler  blower  housing. 

Tail  rotor  drive  shaft  hanger  bearing 
replaced  with  redesigned  bearing. 

Engine-to-transmission  drive  shaft  redesigned 
to  include  elastomeric  boot  assembly  and 
improved  couplings. 

Swash-plate  locking  washers  changed  to  prevent 
cupping . 

Stabilizer  bar  lever  bearing  increased  in 
size. 

Door  jettison  pins  material  changed  to 
stainless  steel. 

Self-locking  feature  added  to  tail  rotor 
control  tube  nut. 

Improved  retainers  added  to  transmission 
cowl  seals. 

Oil-resistant  feature  added  to  bulkhead  door 
seals. 

Cargo  door  rollers  redesigned  to  be  less 
susceptible  to  abrasion. 

Kacarb  bearings  added  to  tail  rotor  pitch 
change  link  assembly. 

Forward  roof  window  changed  from  Plexi- 
glas to  polycarbonate. 

Main  rotor  hub  seal  redesigned  to  include 
an  elastomer  seal. 
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Fiscal  Year 
Aircraft 

FY68 


FY69 


TABLE  1.  (Concluded) 


Configuration  Changes 


Tail  rotor  blade  leading-edge  material  changed 


(Cont'd)  to  improve  erosion  characteristics. 

Starter/generator  cooling  fan  eliminated 
from  design. 

Roof  access  steps  added. 

Main  transmission  input  quill  assembly 
redesigned  with  improved  oil  seals . 


Windows  in  hinged  cargo  doors  eliminated. 

Particle  separator  redesigned  to  include 
improved  fasteners. 

RPM  warning  box  redesigned. 

Hydraulic  boost  cylinders  redesigned  for 
improved  piston-rod  gland  sealing. 


TABLE  2.  AH-IG  CONFIGURATION  CHANGES 
DURING  MONITORING  PROGRAM 


Fiscal  Year 
Aircraft 


FY66 

FY67 


Configuration  Changes 


Basic  configuration 

Redesigned  float  switch  support  for  engine 
oil  system. 

Main  rotor  pitch  link  bearing  redesigned. 

Mast  spinner  eliminated  from  design. 

Main  rotor  blade  tiedown  hook  shortened. 

Doublers  added  to  skid  tubes  at  cross-tube 
attach  point. 

Ammunition  compartment  door  rub  strip  riveted 
in  lieu  of  bond  to  door  assembly. 

Engine  oil  cooler  configuration  changed  to 
bleed  air  driven  fan. 

Gunner  and  pilot  steps  changed  to  one-piece 
assemblies. 

Main  rotor  friction  collet  fingers  increased 
in  thickness. 


FY68 


Battery  cable  quick-disconnect  redesigned. 

Cowl  door  sealing  strips  eliminated. 

Skid  tube  attach  bolts  lengthened. 

Tail  lights  relocated  at  base  of  tail  fin. 

Tail  pipe  redesigned  with  improved  mounting 
provisions. 

DC  voltage  regulator  improved. 

Canopy  seals  redesigned. 


TABLE  2.  (Conf  d) 


Fiscal  Year 

Aircraft 

Configuration  Changes 

FY68 

(Cont'd) 


Step  added  to  aft  side  of  cross  tube. 

Improved  bearings  added  to  tail  rotor  pitch 
change  links. 

Clamping  arrangement  for  transmission  oil  lines 
improved . 

Stability  Control  Augmentation  System  (SCAS) 
redesigned  to  eliminate  elec tromagen tic 
interference . 

Rigid  oil  cooling  lines  changed  to  flexible 
lines. 

Oil  cooler  blower  mount  strengthened. 

Proseal  added  to  clevis  pin  holes  in  cable 
pulleys. 

High-capacity  rotary  inverter  provided. 

High-capacity  static  inverter  provided. 

Main  rotor  trunnion  attach  bolts  with  increased 
tensile  strength  provided. 

Tail  pipe  ejector  redesigned  to  eliminate 
cracking. 

Improved  lockout  valve  provided  for  hydraulic 
system. 

Improved  ventilation  ducts  provided. 

Cutout  forward  of  gunner  collective  boot 
elongated. 

Improved  pilot  seat  adjustment  lever  provided. 
Improved  engine  mount  support  bearing  provided. 
SCAS  amplifier  yaw  channel  .modified. 
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Fiscal  Year 

Aircraft  Configuration  Changes 

FY68  Strip  type  ground  added  to  navigation  lights 

(Cont'd)  in  lieu  of  wire  type. 

Cross-tube  cap  assembly  rubber  pad  bonding 
improved . 

Cabin  air  elbow  duct  reinforced. 

Steel  elbows  used  in  hydraulic  system  in  lieu 
of  aluminum. 

Clamping  arrangement  for  hydraulic  lines 
improved . 

Air  inlet  screen  actuator  hermetically  sealed. 

Landing  light  eliminated. 

Cross-tube  step  assembly  strengthened. 

Engine  oil  pressure  warning  switch  replaced 
with  improved  switch. 

FY69  Improved  tail  rotor  configuration  provided. 

Improved  SCAS  transducer  configuration  provided 

Improved  canopy  locks  provided. 

Main  transmission  input  quill  assembly 
redesigned. 

Coated  tail  rotor  control  cables  provided  in 
lieu  of  noncoated  cables. 

Improved  RPM  warning  box  provided. 

Bonding  method  improved  for  main  rotor  blade 
leading- edge  erosion  strips. 

Main  rotor  pitch  change  link  redesigned. 

Improved  main  rotor  blade  provided. 


Fiscal  Year 
Aircraft 


FY69 
(Cent 'd) 


FY70 


TABLE  2.  (Concluded) 


Configuration  Changes 


Wall  thickness  increased  on  skid  tubes. 

42-degree  gearbox  cover  material  changed  to 
aluminum. 

Rubber  shock  mount  added  to  engine  fuel 
pressure  transmitter. 

Transmission  lift  link  redesigned. 

Clamping  revised  for  generator  cooling  air 
hose. 

Improved  particle  separator  provided. 

Tail  rotor  drive  shaft  cover  redesigned. 

Transmission  manifold-to-f ilter  rigid  oil 
line  replaced  with  flexible  oil  line. 

Transmission  fifth  mount  support  redesigned. 

Transmission  oil  pressure  warning  switch  re- 
placed with  improved  switch. 

Self-locking  screws  incorporated  into  pilot's 
canopy  latch  installation. 

Improved  door  handles  incorporated  on  gunner's 
canopy. 

Crew  compartment  vent  fan  redesigned. 

Friction  collet  redesigned. 

Engine  tripod  rod-end  bearings  replaced  with 
improved  bearing. 

Lateral  cyclic  control  magnetic  brake 
redesigned. 
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Date:  1 September  1966 

Status,:  Closed 


Problem  Analyses,  Corrective  Action  Summary  & Recommendations 
(Cont'd) 

28.  AN201Kr"  Bearing  Loose  in-.  Scissors  Lever.  (CIC-736-920-001) 
System  or  Component  Description 

The  scissors  and  sleeve  assembly  and  the  swashplate  and 
support  assembly  are  installed  together  around  the  mast 
at  top  of  transmission.  These  assemblies  act  as  a unit 
which  transmits  movements  from  cyclic  and  collective 
control  systems  to  linkages  which  rotate  with  main  rotor. 
Collective  sleeve  moves  vertically  within  swashplate 
support  as  actuated  by  collective  control  stick.  Swash- 
plate, mounted  pn  a universal  support,  is  for  tilt 
according  to  cyclic  input.  Combined  effect  on  scissor 
levers  and  upper  linkage  determines  rotor  tilt  and  blade 
pitch. 

Failure  Mode 

The  AN201KP8A  pivot  bearing  is  installed  as  a floating 
bearing  in  the  204-011-406-5  lever.  After  operating  in 
a sand  environment  excess  play  between  the  bearing  and 
lever  bore  develops.  If  left  unchecked,  the  scissor 
lever  wear  is  accelerated  by  entrance  of  sand  which  acts 
as  an  abrasive.  Excessive  looseness  (radial)  develops 
and  vibration  occurs.  To  remedy  the  condition,  usually 
a new  scissors  lever  and  bearing  are  required  with 
minimum  ship  downtime  of  nearly  five  hours. 

Corrective  Action 

)ct.  A Class  II  change,  adding  a steel  sleeve  between  the 

L964  bearing  outer  surface  and  the  scissor  lever  bore,  was 

:hru  incorporated  on  UH-lD  64-13598  and  subsequent  production 
Vpril  and  on  all  spares  purchased  by  Bell  after  January  1965. 

L966  This  change  created  a 204-011-406-9  scissor,  thus  the 

new  scissor  replaced  the  old  204-011-406-5  scissor. 

To  provide  repair  instructions  for  field  units.  Bell 
Helicopter  Company  released  a field  fix,  SEM  204-64-25. 
The  service  instruction  issued  in  April  1964  was  released 
to  the  depots  making  repairs.  The  above  corrective 
action  resolves  this  problem. 


Figure  3.  Example  of  failure  data  computer  listing,  page 
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TABLE  5.  BASELINE  FAILURE  RATE  SUMMARY  FOR  UH-lD* 
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TABLE  6.  BASELINE  FAILURE  RATE  SUMMARY  FOR  AH-IG* 
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1'  ■ 


Fiscal  Year 


Problem 

Number 


Baseline  Failure 
Rate  ^b 

Total  Failure  Rate 
for  Each  FY 

Xt  = SXo  + 2Xx  +SXb 
where  X^i  > A-t2  2 ^T3  2 ^T4  indicating  a decreasing  failure 
rate . 


Figure  5.  Illustration  of  method  for  calculating 
aircraft  failure  rate  by  fiscal  year. 


TABLE  8.  AH-IG  MTBF  GROWTH  SUMMARY* 


Total  failure  rate  observed  on  aircraft  used  to  calculate  the  off-board 
MTBF  (i.e. , after  100  test  hours) . 


FISCAL  YEAR 


Figure  6 


UH-lD  reliability  (MTBF)  versus 
fiscal  year  configurations. 
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3.0  -ANALYSIS  RESULTS 


This  section  presents  reliability  growth  analysis  summaries 
for  the  UH-ID  and  AH-IG  helicopters.  Their  growth  histories 
are  compared  to  each  other  and  to  the  parameters  defined  in 
the  RPM  technique  for  reliability  growth  predictipn.  Conclu- 
sions are  presented  on  the  applicability  of  the  RPM  technique 
to  helicopter  reliability  growth. 

Beginning  with  Figure  3,  cumulative  reliability  growth  (MTBF) 
is  plotted  against  cumulative  test  time  (monitored  flight 
hours)  on  log-log  graph  paper.  The  slope  of  the  straight 
line  fitted  through  these  data  points  is  the  reliability 
growth  of  the  helicopter.  Each  data  plot  on  log-log  co- 
ordinates resulted  in  a growth  curve  with  two  Line  segments, 
each  with  a distinct  slope.  This  was  a result  of  flight 
operations'  not  being  stopped  on  the  monitored  fleet  when  a 
failure  occurred.  Thousands  of  additional  test  hours  could 
accumulate  before  the  aircraft  received  a’  hardware  change  due 
to  that  failure.  Frequently,  long  calendar  lead  time  is 
required  to  introduce  corrective  action  to  the  hardware 
following  definition  of  a problem. 

Hardware  change  effectivities  occurring  at  the  beginning  of  a 
new  production  lot  (not  the  beginning  of  a fiscal  year  production 
run)  were  considered  to  be  incorporated  at  the  beginning  of 
the  next  fiscal  year  model  production  run.  This  was  done 
because  of  the  difficulty  in  tracking  the  numerous  design 
changes  by  production  lots  rather  than  fiscal  year  model  and 
because  it  was  not  feasible  to  maintain  an  account  of  retrofit 
kit  changes  for  each  aircraft  versus  the  time  at  which  the 
kit  was  installed  for  the  monitored  fleet. 

Each  log-log  plot  has  an  accompanying  Cartesian  coordinate 
plot  of  the  same  data.  No  attempt  is  made  to  connect  the  raw 
data  points  on  the  Cartesian  plots.  However,  coordinates  of 
the  straight  line  segments  of  the  corresponding  log-log  plot 
are  transferred  to  the  Cartesian  plot  to  form  a smooth  curve. 

This  procedure  was  used  to  fair  in  a smooth  line  through 
widely  dispersed  data  points. 

Plots  of  MTBF  versus  test  time  have  several  MTBF  values 
clustered  at  the  highest  accumulated  test  time.  This  occurs 
since  corrective  action  activities  resulting  from  the  M&R 
program  continued  for  a period  following  termination  of  the 
monitoring  effort. 
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3.1  UH- ID.  RELIABILITY  GROWTH-  ANALYSIS  SUMMARY 


The  UH-ID  analysis  summary  includes  sensitivity  tests  to 
determine  the  significance  of  the  various  parameters  affecting 
reliability  growth.  Included-  also  are  analyses  to  determine 
subsystem  contributions  to  the  overall  aircraft  failure  rate. 

3.1.1  Sensitivity  of  UH-lD  Reliability  Growth  Curves  to  Test 
Hour  Variations 

The  61  UH-ID  problems  corrected  were  identified  by  the  M&R 
program,  and  the  subsequent  corrective  actions  were  substan- 
tiated by  continued  monitoring  during  that  same  program. 
Therefore,  the  flight  time  generated  by  the  aircraft  monitored 
during  the  M&R  program  was  used  as  the  "in-service"  test 
time.  This  is  the  test  time  resulting  in  slope  in  the 
following  discussipn. 

However,  flight- test  time  other  than  the  M&R  program  flight 
time  existed  during  development  of  the  UH-ID.  The  question 
is,  should  it  have  been  a part  of  the  test  time  for  reliability 
growth?  A sensitivity  analysis  was  conducted  to  determine 
the  effect  of  this  additional  test  time  on  plots  of  relia- 
bility growth  of  the  UH-ID.  Three  combinations  of  test 
times  were  considered.  Test  times  included  in  each  combina- 
tion are  shown  by  an  "X"  in  the  matrix  below. 

Test  Hour  Source 


Growth  BHC  UH-lD  Test 

Curve  M&R  YUH-ID 

Slope  Program  Fleet All 100  Hrs 280  Hrs 

X XX 

X 2899  X 

X 2899  YUH-ID  X 


Growth  curve  slope  test  time  is  the  sum  of  all  BHC/Army 

M&R  program  flight  time,  the  entire  YUH-lD  fleet  time,  and 
all  of  flight  test  time  conducted  on  the  UH-lD  at  BHC  prior 
to  customer  delivery.  Growth  curve  slope  test  time  is  the 

sum  of  M&R  program  times,  the  2899  hours  of  YUH-ID  fleet  time 
that  was  accumulated  prior  to  beginning  of  the  M&R  program, 
and  280  hours  of  BHC  prototype  test  time  that  occurred  prior 
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to  the  beginning  of  the  M&R  program.  Growth  curve  slope 

test  time  is  the  sum  of  100  flight  hours  of  shakedown  time  on 
the  YUH-ID  conducted  at  BHC/  280  hours  of  BHC  prototype  flightr 
test  time  prior  to  production  deliveries,  and  the  remaining 
M&R  program  time.  Table  9 presents  the  test  hours  for  the 
above  test  time  combinations  and  the  MTBF’s  from  Table  7, 
column  4 for  each  fiscal  year  aircraft  group  at  the  time  of 
their  delivery.  Using  data  from  Table  9,  the  growth  curves 
with  slopes  Ci2'  plotted  in  Figures  8,  10,  and 

12.  Figures  9,  11,  and  13  are  the  corresponding  Cartesian 
plots.  Comparison  of  the  slopes  of  these  curves,  shown  below, 
indicates  that  the  test  hour  variations  made  no  substantial 
difference  in  the  growth  curves;  i.e.,  the  differences  in  the 
growth  rates  were  small.  A plot  of  the  curves  shown  in  Figure 
14  presents  a graphical  comparison  of  the  relative  slope  of 
each  segment. 


Test-Hour 

Combination 


Slope,  a,  of 
Growth  Curve  Segment 
A B 


0.065 


0.42 


2 

3 


0.064 

0.062 


0.37 

0.33 


From  the  above  tabulations,  it  is  seen  that  there  were  no  signif 
icant  changes  in  the  growth  rates  caused  by  differences  in  the 
test  hour  combinations.  It  is  believed  that  the  test  hour  com- 
bination which  resulted  in  the  curve  with  slope  82  is  the  most 

representative  since  the  test  hours  span  the  greatest  amount  of 
calendar  time  encompassing  all  of  the  major  development  test 
programs  for  the  UH-lD.  Therefore,  for  purposes  of  this 
study,  UH-lD  reliability  growth  log-log  plots  will  consider 
the  curve  with  slope  U2.  The  3179  hours,  the  sum  of  2899 

hours  of  YUH-ID  time,  280  hours  of  BHC  test,  and  100  hours 
shakedown,  occurred  prior  to  delivery  of  the  first  production 
UH-lD.  This  time  could  not  be  ignored  since  it  was  responsible 
for  the  MTBF  increase  from  7.8  hours  to  9.5  hours.  The  remain- 
der of  the  test  hours  are  from  the  M&R  program. 


3.1.2  Sensitivity  of  UH-lD  Reliability  Growth  Curves  to 
Variation  in  Number  of  Problems  Corrected 


In  addition  to  the  61  UH-lD  problems  receiving  corrective 
action,  there  were  15  that  had  corrective  actions  proposed 
which  were  later  rejected  by  the  customer.  Had  these  been 
approved,  the  total  number  of  problems  receiving  corrective 
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action  Would  have  been  76  with  no  increase  in  the  number  of 
test,  -hours.  Figure  9 is  a plot  of  the  MTBF  slope  if  the 
additional  iS  failure  mode  rates  had  been  removed  from  the 
baseline  rate>  i.e^.,  the  problems  had  been  corrected.  The 
plot  was  made  assuming  ioo  percent  elimination  of  the  failure 
mode  rates  so  that  the  most  optimistic  growth  could  be  shown. 
Thus,;  the  growth  curve  with  slope  of  Figure  15  is  the 

maximum  growth  rate  obtainable  for  the  UH-lD  while  supported 
by  a monitoring  program,  assiiming  other  variables  are  held 
constant.  Figure  16  is  the  accompanying  Cartesian  plot  for 
Figure  15.  A comparison  of  growth  curves  of  Figure  10  and 

curves  Of  Figure  15  shows  the  following  slopes: 

Growth  Curve  Segment 
A B 

0-2  0.062  0.36 

0.062  0.38 

Thus,  the  curves  do  not  differ  significantly  from  the 

curves,  indicating  that  most  of  the  significant  problems  were 
corrected  during  the  monitoring  program  and  that  the  failure 
mode  rates  for  the  15  problems  were  relatively  low.  Also,  the 
equal  segment  A slope  values  indicate  none  of  the  15  problem 
correction  proposals  occurred  until  late  in  the  program,  re- 
sulting in  receiving  their  full  benefit.  Since  the  a^g 

was  not  that  much  greater  than  the  U2g  value,  it  is  evident 

that  the  maximum  growth  rate  for  the  UH-lD  was  being  approached. 
These  problems  were  not  corrected  due  to  economic  reasons. 

3.1.3  Reliability  Growth  of  the  Design  Versus  Reliability 
Growth  of  the  Hardware  - UH-lD 

Reliability  growth  of  the  helicopter  design  is  a function  of 
accumulation  of  test  hours  to  the  point  where  a formulated 
problem  corrective  action  has  been  approved  for  incorporation 
into  aircraft  hardware.  Reliability  growth  of  the  hardware 
is  a function  of  the  accumulation  of  test  hours  to  the  point 
where  corrective  action  has  been  incorporated  as  redesigned 
hardware  in  production  helicopters.  Obviously,  reliability 
growth  of  the  design  will  lead  reliability  growth  of  the 
hardware  as  long  as  there  is  a continuing  formulation  and 
approval  of  corrective  actions  to  be  incorporated  into  hard- 
ware. In  addition,  at  any  given  point  in  time  the  reliability 
of  the  design  will  exceed  that  of  the  hardware  as  long  as 
there  is  a formulated  improvement  not  yet  incorporated  into 
the  hardware.  The  UH-lD  design  MTBF  growth  versus  accumulated 
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test  time  is  tabulated  by  calendar  quarter  in  Table  10. 

Figures  17  and  18  are  log- log  and  Cartesian  coordinate  plots, 
respectively,  of  Table  10  data  showing  the  increase  in  MTBF 
of  the  design  versus  the  number  of  test  hours  required  to 
initiate  the  improvement.  On  Table  10,  note  that  the  growth 
continues  for  six  calendar  quarter  improvements  in  the  design 
MTBF  following  completion  of  the  last  test  hour  (second 
quarter  of  1967  through  third  quarter  of  1968) . This  demon- 
strates that  there  was  considerable  lag  between  the  occur- 
rence of  a failure  mode  and  the  formulation  and  approval  of  a 
design  change  to  correct  the  deficiency.  This  is  in  addition 
to  the  lead  time  required  to  incorporate  the  design  change 
into  hardware.  Recall  that  Figures  10  and  11  are  plots  of 
UH-ID  demonstrated  MTBF  versus  the  number  of  test  hours 
accumulated  to  the  point,  where  the  improvement  was  actually 
incorporated  into  the  hardware.  Figures  19  and  20  are  composite 
log-log  and  Cartesian  plots,  respectively,  of  growth  curves 
of  Figures  10  (a^)  and  11  (a^)  and  Figures  11  and  18.  Com- 
paring the  slope  values  in  Figures  19,  is  greater  than 

a 2^,  indicating,  as  would  be  expected,  that  a greater  number 

pf  design  changes  were  formulated  and  approved  than  were 
incorporated  into  hardware  during  early  testing.  Further, 
growth  curve  segment  a^g  Starts  several  thousand  test  hours 

before  the  corresponding  segment  cx2g,*  however,  the  curv  js 

tend  to  converge  due  to  subsidence  of  design  change  activity 
while  hardware  changes  continue. 

3.1.4  Subsystem  Contribution  to  UH-lD  Helicopter  System 
Reliability  Growth 


The  UH-ID  experienced  a 56  percent  decrease  in  its  failure 
rate  at  the  system  level  from  FY62  through  FY69  production 
helicopters.  Table  11  is  a summary  of  subsystem  failure  rate 
decrease  by  fiscal  year  production.  The  airframe,  controls, 
and  drive  systems  accounted  for  approximately  80  percent  of 
the  total  decrease  through  eight  fiscal  year  models.  Note, 
also,  that  these  same  subsystems  accounted  for  80  percent  of 
the  total  aircraft  failure  rate  at  the  beginning  of  FY62, 
indicating  that  none  had  an  initial  failure  rate  out  of 
proportion  to  their  share  of  the  total  system  rate  decrease. 
With  the  exception  of  the  fuel  supply,  each  subsystem  shows 
some  reliability  growth.  The  UH-ID  fuel  supply  subsystem  is 
relatively  simple  and  has  few  moving  parts.  No  design  changes 
were  made  to  that  system.  In  contrast,  the  airframe,  controls, 
and  drive  subsystems  proved  to  be  a steady  source  of  design 
changes,  contributing  to  80  percent  of  system  level  growth. 
Table  12  presents  the  subsystem  failure  rate  percentage  change 
by  fiscal  year.  Each  subsystem  fiscal  year  failure  rate 
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decrease  is  expressed  as  a percentage  reduction  from  the 
failure  rate  of  the  previous  year  and  as  a percentage  contri- 
bution to  the  total  aircraft  failure  rate  decrease. 

3 . 2 AH-IG  RELIABILITY  GROWTH  ANALYSIS  SUMMARY 

The  methodology  used  in  creating  the  AH-IG  reliability  growth 
curves  follows  that  used  for  the  UH-ID.  Plight  test  records 
were  not  readily  usable  for  extracting  the  type  information 
required  for  reliability  growth  analysis.  Also,  due  to  the 
urgency  of  the  Vietnam  war,  the  AH-IG  was  put  into  high- 
volume  production  without  any  YAH-lG  development  aircraft 
being  procured,.  This  resulted  in  the  absence  of  development 
test  data  similar  to  that  generated  by  the  YUH-ID  fleet. 

Thus,  all  data  used  in  plotting  growth  curves  in  this  section 
are  from  the  M&R  program. 

Table  13  presents  the  time  base  used  to  plot  observed  MTBF 
versus  test  time  for  the  AH-IG.  The  MTBF  values  are  those 
for  the  FY  aircraft  at  the  time  of  their  entry  into  service. 
Since  there  were  no  YAH-IG  aircraft  produced,  an  off-board 
MTBF  value  was  established  using  M&R  monitored  data  from  FY66 
lots  4 and  5.  The  value  was  established  from  failures  occurring 
with  the  first  100  hours  of  operation.  This  was  determined 
from  failure  monitoring  of  two  of  the  initial  production 
group  of  34  AH-IG  aircraft.  The  remaining  FY66  AH-lG  pro- 
duction contained  74  aircraft.  Figures  21  and  22  are  the 
log-log  and  Cartesian  plots,  respectively,  of  Table  13  data. 

3*2. 1 AH-IG  Reliability  Growth  Curve  Sensitivity  to  Variation 
in  Number  of  Problems  Corrected 

There  were  95  problems  on  the  AH-IG  for  which  corrective 
action  was  recommended  under  the  M&R  program.  Three  were 
rejected  by  the  customer.  Table  13  shows  a slight  improve- 
ment in  MTBF,  had  all  the  corrective  action  recommendations 
been  incorporated.  Log- log  and  Cartesian  plots  of  the  data  * 
are  presented  in  Figures  -23  and  24,  respectively.  Table  13 
data  and  Figures  23  and  24  assume  100  percent  elimination  of 
the  failure  mode  rate.  A comparison  of  the  growth  curve  a 
values  of  Figures  21  and  23  is  presented  below; 

Growth  Curve  Segment 


0.016 


0.099 


0.016 


0,123 


As  occurred  with, the  UH-lD,  there  was  little  improvement  in 
slope  due  to  removal  of  unincorporated  J-mprpvemerits  from  the 
baseline.  Table  13  data  indicate  that  the  final  FY76  MTBF 
would  have  increased  only  from  9.6  to  9.9  hours.  These  data 
indicate  that  the  AH-lG  achieved  close  to  its  maximum  irate  of 
growth  supported  by  the  monitoring  program. 

3.2.2  Reliability  Growth  of  the  Design  Versus  Reliability 
Growth  of  the  Hardware  - AH-^IG 

The  AH-IG  design  MTBF  growth  versus  accumulated  test  time  is 
tabulated  by  calendar  quarter  in  Table  14.  The  accounting  of 
design  changes  and  test  time  by  calendar  quarter  provides  a 
common  denominator  for  determining  a relationship  between 
test  hours  and  MTBF  growth  of  the  design.  Figures  25  and  26 
are  log-log  and  Cartesian  coordinate  plots,  respectively,  of 
Table  14  data.  The  «g  of  Figure  25  growth  curve  reflects 

only  two  calendar  quarter  improvements  in  the  design  MTBF  as 
a result  of  the  M&R  program,  following  completion  of  the  last 
test  hour.  Considering  that  the  UH-ID  had  six  calendar 
quarters,  apparently  less  lead  time  was  required  to  get 
design  changes  into  hardware  for  the  AH-IG  than  for  the  UH-lD. 
This  is  a function  of  the  higher  AH-IG  program  intensity  and, 
to  some  extent,  the  factors  in  the  AH-IG  program  termination. 
Further  evidence  of  the  effects  of  increased  program  intensity 
is  seen  in  Figure  27,  a composite  of  the  ttg  (hardware  growth) 

curves  of  Figure  21  and  the  ag  (design  growth)  cur\ is  of 

Figure  25,  and  in  Figure  28,  a composite  of  the  Cartesian 
coordinate  plots  of  Figures  22  and  26.  At  any  given  point 

on  the  test  hour  scale,  there  is  only  a small  difference 
between  points  on  the  design  and  hardware  growth  curves. 

3.2.3  Subsystem  Contribution  to  AH-lG  Helicopter  System 
Reliability  Growth 

The  AH-IG  failure  rate  decreased  31.8  percent  over  five  FY 
aircraft  models.  Table  15  presents  a subsystem  failure  rate 
decrease  summary  for  the  AH-IG,  including  the  relative  contri- 
bution of  each  subsystem  to  the  overall  failure  rate  decrease. 
Each  subsystem  with  the  exception  of  fuel  supply  had  some  re- 
liability growth.  Like  the  UH-lD,  the  AH-IG  fuel  supply  sub- 
system is  simple  and  has  few  moving  parts.  Its  FY66  failure 
rate  represented  less  than  1 percent  of  the  total  aircraft 
failure  rate;  thus,  any  further  improvements  would  have 
little  statistical  influence  on  reliability  growth.  Air- 
frame, controls,  and  electrical  subsystems  provided  the  bulk 
of  reliability  growth,  approximately  72  percent  of  the  total 
decrease  in  failure  rate.  It  would  not  be  correct  to  identify 
these  three  systems  as  being  the  most  in  need  of  reliability 


> 


I 


I 


•I 

.1 


■^iS^^a^^!S£lSrSXS’T:f!tSSJ!SiSSSSf>i!fmaisi!xtsasiiaai!B^  — 


improvement  since  their  size,  nature,  and  complexity  govern 
individual  contribution  to  the  total  failure  rate.  Table  16 
compares  each  subsystem  percentage  of  original  aircraft  failure 
rate  (Column  A)  to  percentage  contribution  to  total  decrease 
in  failure  rate  (Column  B) . In  Column  C,  the  ratio  B/A  is  a 
measurement  of  a subsystem' s contribution  to  total  improvement 
without  regard  to  other  factors.  A ratio  value  greater  than 
one  indicates  a proportionately  greater  contribution.  The  oil 
cooling:  and  controls  subsystems  had  the  greatest  proportionate 
decrease  in  failure  rate,,  while  the  fuel  subsystem  had  the 
least.  Table  17  presents  the  subsystem  failure  rate  percentage 
change  by  fiscal  year.  Each  subsystem  fiscal  year  failure 
rate  decrease  is  expressed  as  a percentage  reduction  from  the 
failure  rate  of  the  previous  year  and  as  a .percentage  contribu- 
tion to  the  total  aircraft  failure  rate  decrease. 

3.3  UH-ID  RELIABILITY.  GROWTH  VERSUS  AH-IG  RELIAbIlITY  GROWTH 

The  reliability  growths  of  the  UH-lD  and  AH-IG  are  compared  in 
this  section.  Points  of  similarity  and  difference  are  examined 
to  determine  the  factors  that  control  the  rate  of  reliability 
growth. 


3.3.1  Comparison  of  UH-ID  and  AH-IG  Reliability  Growth  r 
Log-Log  Curves 

The  analysis  methods  and  procedures  used  in  this  study  permit 
normalization  of  the  data.  This  was  done  to  allow  better 
comparison  of  the  reliability  growth  of  the  UH-lD  and  AH-lG 
helicopters.  However,  that  process  was  at  best  limited. 

There  are  factors  that  challenge  the  results  in  this  study. 
Consider  Figure  29,  a composite  log-log  plot  of  the  UH-lD 
growth  curve  and  the  AH-lG  growth  curve  Ug.  Obviously, 

from  the  plot,  the  UH-ID  had  a much  higher  rate  of  reliability 
growth  than  did  the  AH-IG,  at  least  when  MTBF  increase  was 
plotted  against  cumulative  test  time  on  log- log  paper.  This 
would  appear  to  be  a contradiction,  knowing  that  the  AH-IG  M&R 
program  intensity  was  -greater  than  that  for  the  UH-lD.  AH-IG 
program  data  covered  66,000  flight  hours  of  monitored  time 
accumulated  in  29  calendar  months,  producing  problem  correc- 
tions at  the  rate  of  3.17  per  month  or  one  problem  correction 
for  each  730  flight  hours;  while  the  UH-lD  data  base  of  50,000 
monitored  flight  hours  was  accumulated  in  39  calendar  months, 
producing  problem  correction  at  the  -rate  of  1.56  per  month  or 
one  correction  for  each  820  flight  hours.  Thus,  the  AH-IG 
problem  correction  rate  was  double  that  of  the  UH-ID.  Ulti- 
mately, the  AH-IG  M&R  program  produced  50  percent  more  problem 
corrections  than  did  the  UH-lD  M&R  program.  Figure  30  shows 
the  number  of  problem  corrections  by  FY  configuration  for 
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both  aircraft  models.  Figure  31  presents  cumulative  correc- 
tions, versus  FY  configuration  for  both  aircraft  models.  These 
facts  and.  figures  raise  questions  as  to  the  validity  of  Figure 
29  plots.  Figure  31  reflects  the  true  impact  of  program 
intensity  and  may  well  iae  the  only  legitimate  measure  of 
program  intensity  for  helicopters.  Also,  it  is  apparent  that 
reliability  growth  is  not  a function  of  the  number  of  correc- 
tive actions  accomplished.  The  61  corrective  actions  for  the 
UH-ID  resulted  in  an  aircraft  failure  rate  reduction  of 
0.059069  over  eight  fiscal  years,  or  0.000968  average  for  each 
corrective  action.  In  comparison,  the  92  corrective  actions 
for  the  AH-IG  resulted  in  an  aircraft  failure  rate  reduction 
of  0.048267  oyer  five  fiscal  years  or  0.000530  average  for 
each  corrective  action  taken.  Thus,  a smaller  mamber  of 
corrective  actions  on  the  UH-lD  produced  a proportionately 
greater  return  in  failure  rate  reduction  as  compared  to  those 
of  the  AH-IG  program. 


3.3.2  A Variation  in  Approach  to  Reliability  Growth  Measurement 
of  the  AH-IG  and  UH-ID 


The  disparity  between  UH-ID  and  AH-IG  growth  (MTBF)  when- 
plotted  on  log-log  paper  requires  additional  examination. 

The  main  factor,  increased  program  intensity,  used  to  accel- 
erate reliability  growth  for  the  AlI-lG  was  not  reflected  in 
Figure  29.  Specifically,  the  high-intensity  AH-IG  program 
should  have  shown  an  increase  in  the  growth  rate  over  that  of 
the  UH-ID  medium-intensity  program.  It  was  assumed  that  an 
increase  in  program  intensity  would  cause  an  increase  in  the 
number  of  problems  corrected.  This  assumption  was  valid.  It 
was  also  assumed  that  the  increase  in  the  number  of  problems 
corrected  would  mean  a proportionate  decrease  in  failure 
rate.  This  assumption  was  not  valid,  as  was  demonstrated  in 
the  preceding  section..  Further,  when  compared  to  the  UH-ID, 
any  improvements  in  MTBF  on  the  AH-IG  were  offset  when  plotted 
against  the  AH-IG 's  large  accrued  test  time.  The  improvements 
in  MTBF  were  a result  of  accelerated  rate  of  problem  correction 
which,  in  turn,  was  some  function  of  the  accelerated  testing 
(monitored  flight  hours) . The  only  parameter  that  could  not 
be  affected  by  the  accelerated  program  was  calendar  time. 

The  AH-lG  did,  in  fact,  attain  a higher  rate  of  reliability 
growth  than  did  the  UH-lD.  This  is  demonstrated  in  Figure  32, 
a plot  of  AH-lG  and  UH-ID  cumulative  decrease  in  failure  rate 
versus  calendar  months  following  first  aircraft  model  delivery. 
Figure  33  presents  cumulative  decrease  in  failure  rate  attained 
by  progressive  fiscal  year  aircraft  through  the  end  of  the 
M&R  program.  These  two  figures  allow  comparison  as  if  both 
M&R  programs  had  been  conducted  simultaneously.  Both  illustrate 
the  higher  growth  rate  of  the  AH-IG.  Tables  18  and  19  show 
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for  the  UH-lD  and  AH-IG,  respectively,  subsyst^  failure  rate 
cumulative  percentage  change  at  each  fiscal  year  following 
first  aircraft  delivery.  By  the  fourth  FY  delivery,  the  UH-ID 
(FY66)  had  a 35.4  percent  cumulative  reduction  ih  its  failure 
rate,  while  the  AH-IG  (FY70)  experienced  a 31.8  percent  re- 
duction in  its  total  failure  rate.  When  measured-  in  this 
manner,  the  growth  rates  of  the  two  aircraft  are  almost 
equal.  A composite  plot  of  these  data  is  presented  in  Figure 
34.  The  pattern  of  failure  rate  reductions  for  both  aircraft 
is  very  similar,  as  was  shown  in  Figures  32  and  33.  The 
Figure  34  plot  negated  the  effect  of  the  44-percent  failure 
rate  spread  between  the  UH-lD  and  the  AH-IG.  In  doing  so, 
evidence  is  created  that  program  intensity  may  not  be  a factor 
with  enough  influence  to  redirect  the  reliability  growth  of  a 
helicopter. 

Program  intensity  strongly  affects  the  rate  of  problem  correc- 
tion, but  for  helicopters  it  has  little  effect  on  failure 
rate  reduction.  While  each  problem  correction  does  contribute 
to  failure  rate  reduction,  that  change  in  failure  rate  may 
have  a wide  range  of  values.  This  is  shown  in  Figure  35.  The 
M&R  program  identified  a large  number  of  problems  that  were 
candidates  for  corrective  action.  There  existed  no  direct 
relationship  between  the  magnitude  of  the  failure  rates  and 
the  order  in  which  the  problems  were  corrected.  However,  as 
is  also  shown  in  Figure  35,  the  AH-IG  program  did  correct 
many  more  low  failure  rate  problems  than  did  the  UH-lD.  The 
effects  on  crew  safety,  aircraft  availability,  mission  success, 
ease  of  repair,  and  economic  cost  generally  led  the  factors 
governing  when  or  whether  a problem  was  corrected.  There  was 
a situation  in  the  M&R  program  where  the  single  occurrence  of 
a failure  mode  resulted  in  a design  change.  Conversely, 
there  were  many  situations  where  high  failure  rate  problems 
were  not  corrected.  These  are  extreme  cases.  However,  they 
serve  to  demonstrate  the  nonexistence  of  a relationship 
between  failure  rate  magnitude  and  initiation  of  corrective 
action. 

3.3.3  Statistical  Observations  on  UH-lD  and  AH-IG  Reliability 
Growth 


This  section  provides  two  theoretical  models  which  relate  re- 
liability growth  to  calendar  time  on  the  basis  of  monitoring 
programs  for  the  UH-lD  and  AH-lG.  It  should  be  noted  that  the 
nvimber  of  flying  hours  of  the  respective  monitoring  programs 
per  calendar  year  is  large.  Consequently,  the  relationships 
developed  here  for  reliability  growth  and  calendar  time  pre- 
suppose a large  number  of  flying  hours  per  calendar  year.  The 
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models  can  be  applied  in  a new  program  to  project  reliability 
growth  beyond  the  end  of  the  monitoring  period. 

In  this  analysis,,  the  decrease  in  failure  rate  ,(i.e.,  relia- 
bility growth)  as  a function  of  reliability  growth  time,  T, 
from  the  plot  in  Figure  34  is 

X(T)  = A(T)  |1  - M(T)T  I ' .(1) 

where  X(T)  = the  failure  rate  at  growth  time,  T 

A(T)  = the  failure  rate  due  to  all  pertinent  failures 
in  the  aircraft  history 

M(T)  = the  decrease  in  A(T)  per  year 

An  empirical  consequence  of  the  analysis  is  that 


M(T^  - Ti_i) 


A(Ti  - 

A(T) 


is  a constant  when  is  considered  in  increments  of 

years . 


Figure  34  suggests  that  there  might  exist  the  same  linear 
relationship  between  reliability  growth  time,  T,  and  the 
cumulative  percentage  decrease  in  failure  rate  for  each  of  the 
monitoring  programs.  In  order  to  show  the  similarity  in 
results,  the  data  from  Tables  18  and  19  were  subjected  to  a 
least-squares  fit  of  a straight  line  passing  through  the 
origin.  The  estimator  of  the  slope  in  this  method  for 
K data  points  is  given  by 


where  is  the  ith  year  and  y^  is  the  observed  value  (i.e., 

actual  percentage  reduction  in  A(T))  for  the  model.  The 
results  were  as  follows; 

M = 8.663333 

AH-IG 

V-ID  = 
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Gonsequently,  the  least-squares  fit  of  the  data  to  a straight 
line  provides'  a reasonable  representation  of  the  relationship 
between  reliability  growth  time  and  the  cumulative  percentage 
decrease  in  failure  rate  for  the  two  aircraft  under  theiir 
respective  monitoring  programs. 


The  similarity  of  slopes,  over  different  time  bases  in  programs 
with  different  intensity  for  different  aircraft  suggests  that 
M(T.)  is  a constant.  The  reason  may  be  the  similarity  of  the 
two  programs.  The  following  observations  of  program  similarity 
were  made: 


- The  same  reporting  forms  and  analysis  procedures  were 
used. 

Data  analysis  was  conducted  by  essentially  the  same 
group  of  people. 

- Corrective  action  was  sought  by  the  same  engineering 
personnel. 

- Both  programs  were  managed  by  the  same  AVSCOM  personnel. 


Further,  everyone  involved  went  through  a learning  period  on 
the  UH-ID  program.  Techniques  and  procedures  mastered  on  the 
UH-ID  program  were  carried  over  and  applied  to  the  AH-lG  pro- 
gram (even  though  application  rate,  may  have  increased) . 


Another  point  of  interest  is  that  the  period  of  monitoring  has 
a carryover  time  for  reliability  growth;  In  the  AH-IG,  three 
years  of  monitoring  correspohded  to  five  years  of  reliability 
growth.  With  the  UH-lD,  five  years  of  monitoring  correspohded 
to  eight  years  of  reliability  growth.  These  numbers  correlate 
to  consecutive  values  from  the  Fibonacci  sequence’^  generated  by 
1 and  1.  In  any  FibOiiacci  sequence,  the  limit  of  the  ratio  of 


consecutive  terms  has  been  found  to  be 


1 t/F 
2 


Further,  since  the  sequence  is  quite  well  behayed,  monitoring 
times  which  do  not  appear  in  the  sequence  can  be  used  to  find 
reliability  growth  times  by  multiplying  the  monitoring  time 


by 


1 + x/F 
2 


*The  Fibonacci  sequence  is  the  sequence  whereby  a number  in  the^ 
sequence  is  the  sum  of  the  previous  two  numbers  in  the  sequence, 
i.e.,.  + Sj^_2.  For  this  problem  the  Fibonacci  se- 

quence is  initiated  by  = 1 and  = 1. 
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In  most  reliability  tests,  a minimum  acceptable  MTBF  (or  maximum 
allowable  failure  rate^  X^)  is  specified  along  with  a test  time 

of  a specified  number  of  hours  within  a span  of  a specified 
number  of  calendar  months  to  find  the  reliability,  growth  time, 
T^,  as  specified  previously-.  Incorporating  these  values;  into 

Equation.  (1)  , we  have 

X . A(T_)  1 - )'r  (3) 

O ^ V ;0  p 

Therefore, 

X^ 

A(T  ) $ , ^ ^ 

O | i (-4) 

Hence,  ah  upper  bound"  can  be  found*  oh  the-  entire  history  of 
the  aircraft  failure  rate. 

For  2-,  3"-,  and  4-yea.r  monitpiing  programs,  find  the  upper  bound 
on  A.(Tq)  for  minimvim  acceptable  MTBF's  of  6 and  10  hours.  From 

the  Fibonacci  sequence,  the  monitoring  times  correspond  to  3,  5, 
and  6,47  years  of  re^hbility  growth  time. 

Monitoring  time  = 2 years 


A,(3)  $ -•  = .224618,  MTBF  = 6 hours 

1 — ( , 086 / 3 


A (3)  < - — ^ QQQY2  ~ ^ hours 

Monitoring  time  = 3 years 


A (5)  ^ ^ = .292397,  MTBF  = 6 hours 

1 - (.086)5 

i/io 

A (5)  ^ TTI77T  - .175438,  MTBF  = 10  hours 

1 - ( .086) 5 
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' Mphitpring  €ime  = 4 years 

A (6. 47)^  — iZ£_. = .375730,  MTBF  - 6 hours 

1 - ( .086)  (6.47) 

1/10 

A(6.47)$  — -" ^ = .225438,  MTBF  = 10  hours 

1 - (.086)  (6.47) 

The  result  of  this  ahalysis,  for  excpple,  reveals  that  in 
conducting-  a 2-year  test  to  demonstrate  an  MTBF  of  6 hours, 
the  measured  MTBF  need  only  be  4. ,45  hours.  Engineering  correc- 
tive action  has  demonstrated  in  previous  programs,  that  the 
reliability  growth  capability  will  be  sufficient  to  provide 
a 6-hour  MTBF . This  apprpach  provides  a rational  alternative 
to  the  traditional  reliability  qualification  test.  Incorpoira- 
tipn  of  reliability  grpwth  wpuld  assist  in  narrowing  the  gap 
between  measured  and  demonstrated  jMTBF . 

The  ability  to  transfer  the  cpncepts  fpund  in  the  M-IG  an4 
UH-lD  monitoring  } rograms  to  other,  monitoring  programs  lies 
in  one's  ability  tp  establish  the  value  of  M. 

It  is  now  obvious  that,  in  order  to  reproduce  M as  a function 
of  the  many  variables  of  which  it  is  composed,  a simulation 
is  required.  ‘ For  instance,  graphs  of  corrective  action  approval 
as  a function  of  use  rate  will  almPst  certainly  be  given  in  a 
function  which  is  not  continuous.  The  number  of  variables  and 
the  characteristics  of  these  variables  make  a reconstruction 
of  M almost  impossible  without  simulation. 

It  is  known  that  as  calendar  time  increases,  A.(t)  will  become 
asymptotic  with  a decreasing  baseline  failure  rate.  This 
concept  is  not  reflected  in  the  results  stated  in  Equation  (1) . 
Further,  for  small  values; -of  x, 

1 - X = e"^ 

-M(T)T 

Consequently,  1 - M(T)T  could  be  an  approximation  for  e ' ' . 
This  value  would  account  for  an  asymptotic  behavior  and  still 
be  consistent  with  the  experience  of  the  monitoring  programs 
under  consideration.  Thus,.  Equation  (1)  would  become 

X(T)  = A(T)e“^^'^^^  (5) 
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Therefore 


in  / M(T)  T 

I ^(T)  / 


in: 


A(T) 

X'(T.) 


1/T 


\ = M(T) 


-M(T  )T 

Aq  5 A(T^)e-  o o 


A(To),  ^ 


(6). 

, y 


For  .2-,  3-:>  and  4 -year  monitor ing^  programs,  find  the  upper 
bound  bn  A (T^)  for  minimum  allowable  MTBF ' s of  6 -and  10  hours ; 
From  the  Fibonacci  sequence,  the  monitoring  times  correspond 
to  3,  5,  and  6.47  years  of  reliability  growth  time. 

Monitoring  time'=  2 years 
A(3)  - =.  .21615,  MTBF  = 6 hours 


1 +(. 086)3'  T 

A (3)  — e = .12969,  MTBF  = 10  hours 

' ' T ■ r . 


Monitoring  time  = 3 years 

A (5)  1 e+(-086)5  ^ .25622,  MTBF  = 6 hours 

6 


A(5)  — = .15373,  MTBF  = 10  hours 

10 

Monitoring  time  = 4 years 

A(6.47)-^  1 g+(. 086)  (6.47)  ^ .29178,  MTBF  = 6 hours 

6 
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A(6.47)  ^ g+(. 086) (6,47)  ^ .17507,  MTBF  = 10  hours 


The  results  in  this  analysis  are  more  conservative  than  in  the 
linear^  approach.  In  order  to  support  a 6-hour  MTBF  in  a 2- 
year  monitoring  program  under  this  apprdach,  the  measured  MTBF 
must  exceed  an  MTBF  of  4.62  hours.  The  minimxim  acceptable 
measured  MTBF  is  dirfferent  xmder  the  two  approaches..  , However, 
as  calendar  time  increases  (i.e.,  length  of  monitoring;  program, 
increases) , the  disparity  in  the  values  becomes  larger.  The 
asymptotic  properties  of  the  second  approach  coupled  with,  its 
conservative  estimates'  tend  to  make  it  the  more  viable  of  ' the 
two  approaches.  . ' ♦ 

Further  , since  dhly  two  similar  aircr  have  been,  considered , 
extending  these  models  to  helicopters  in  general  is  risky. 

In  order  to -validate  the  theoreticai^ models,  further  study  , 
should  be  made  ;pn  diverse  aircraft,  from  different  facilities 
under  a variety  of ‘ monitoring  prpgr^Si  It  may,  indeed,  be 
that  helicopters  of  the  same  size' (designed  and  manufactured 
by  the  same  company  "and  maintained  by  the  same  ^per sonnel , 
facilities,  and  operational  structure)  will  hay.e  similar  failure 
rate  decreases  per  calendar  year.*  It  could  very  well  be  true 
that  the  length  of  time  necessary  to  incorporate  corrective 
action  is  so'^excessive  that  it  dominates  all  other  variables 
inyplved. 

3.3.4.  Corrective  Action  Considerations  That  Influenced  UH-lD 
and  AH-lG  Reliability  Growth, .. 

The  higher  intensity  AH-IG  program  did  accelerate  the  rate  of 
failure  mode  identification,  as  evidenced  by  the  283  AH-lG  M&R 
index  problems  versus  133  for  the  UH-lD,  Also,  the  rate  of 
corrective  action  initiatipn  was  accelerated:  92  for  the  AH-lG 

versus  61  for  the  UH-1d.  There  was  no  hard  set  of  ground  rules' 
governing  any  corrective  action  taken  to  eliminate  an  identi- 
fied failure  mode.  However,  the  following  considerations  were 
given  to  each  candidate  for  corrective  action: 

-.  The  criticality  of  the  failure  mode,  Will,  it  endanger 
the  crew,  the  aircraft,  or  the  mission? 

— The  effect  on  availability  pf  the  aircraft.  Does  it 
require  long  periods  in  maintenance  for  repair  actions? 

-•  Logistics  cost.  What  is  the  cost  of  repair  parts,  and 
what  is  the  effort  to  maintain  them  in  the  logistics 
pipeline? 


100 


f ^ ; 


-i  . 


4 Lead  tiihe.  Gan  a satisfactpry  change  be'  implemented 

in  a reasonable  amount  of  time? 

/ 

- Maintenance  cost.  What  is  man-hour  cost  to  correct 
each  failure? 

- Failure  mode  rate.  How  often  does  the  failure  mode  ■ 
occur  in  a given  number  .of  flight  hours? 

- Maintenance  frequency.  ,l^at  is  the,  unscheduled 
maintenance  action-  frequency  .caused  by  the  failure?  , 

- Ease  of  problem  correction.  How  involved  is  the 
correction  action?  Is  the  technology  available? 

^ Nuisance  factor  of  the  failure  mode.  How  bother spme 
is  xt  to  maintenance,  and.  f light  crews? 

One  may  conclude,  that  the  magnitude  of  the  failure  irate  of  a 
of  the  failure  modes  had  limited  impact  on  whether  they  re- 
ceived corrective  action  or  hot  and  that  identification  of  a 
.failure  mode  does  not  necessarily  mean  that  corrective  actic 
will  follow. 

3.3i5  Impact  of  Increased  Testing  Rate  on . Helicopter 
■Reliability  Growth 

It  is  generally  assumed  that  the  rate  of  reliability  testing 
is  one  of  the  uncontestable  parameters  affecting  rate  of 
reliability  growth.  For  the  UH-ii)  and  AH-lG  helicopter,  thi 
has  been  demonstrated  to  be  untrue.  Certainly,  beginning  wi 
a low  rate,  incremental  increases  in.  the  testing  rate  will 
have  corresponding  incremental  increases  in  the  rate  of 
reliability  growth.  However,  at  some,  point  for  the  UH-ID  an 
AH-IG,  it  appears  that  'the  law  of  diminishing  returns  sets  i 
and,  eventually,  a poxnt  is  reached  where  any  subsequent, 
increase  in  the  test  rate  will  produce  ho  increase  in  relia- 
bility growth.  Testing  is'  required  to  reveal  failure  modes 
and  for  subsequent  initiation  of  corrective  actions  which,  i 
turn,  lead  to  reliability  growth.  It  has  been  shown  for  the 
helicopters  that  an  increase  in  the  testing  rate  will  increa 
the  rate  that  failure  modes  are  revealed.  Further,  it  has 
been  shown  (Section  3.3.2)  that  an  approximate  doubling  of  t 
testing  rate,  2285  flight  hours  per  month  for  the  AH-lG  vers 
1280  flight  hours  per  ’month  for  the  UH-lD,  resulted  in  ah 
approximate  doubling  of  the  rate  of  corrective  actioh  initia 
tion:  3.17  corrections  per  month  for  the  AH-lG  versus  l.o6 

corrections  per  month  for  the  UH-rlD.  However,  it  has  not  be 
established'  that  ah  increase  in  thO  huifiber  of  corrective 
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actions  will  be  followed  by  an  increase  in  the  rate  of  relia- 
bility growth.  Refer  to  Figure  34,  a plot  of  percentage  de-r 
crease  in  failure  rate  versus,  FY  UH-ID  and  AH-lG  aircraft. 

When  the  data  points  for  each  helicopter  are  submitted  to  a 
least-squares  fit  (Section  3.3.3),,  one  finds  that  the  slopes 
are  equal.  Yet,  the  testing  rate  of  the  AH-IG  was.  1005  flight 
hours  ;per  month  greather  than  that  of  the  UHr;lD.  .This  sug- 
gests that  both-  aircraft  have  exceeded  some  ceiling  of  relia,- 
bility  testing  beyond  which  any  increase  in  the  rate  will 
cause  no  increase  in  reliability  growth,  Also,  it  is  believed 
that  there  exists  a level  of  ^testing  -threshold  below  which  the 
rate  of  reliability  growth  is  zero.  -Below  this  point  the  rate 
of  test  hour  accumulation  is  so  low  that  failure  modes'eannot 
be  exposed.  Although  there  are  no  beginning  arid  intermediate 
data  points  to  plot  the  exact  curves,  it  is  believed  that 
Figure  36  is  a fair  represeritation  of  the  relationship  that 
exists  between  ari  increasing  testing  rate  arid  reliability 
growth;  The  significance  of  this  relatioriship  is  that  the 
-testing-  rate  of  the  AH-lG  exceeded  -the  overall  M&R  program.'  s 
ability  to.  produce  a proportionate  reduction  in  failure  rate. 

It  is  probable  that  the  same  occurred  for  the  UH-ID.  It  is 
believed  that  the  optimum  rate  of  testing  for  these  two  air- 
craft would  have  been  in  the  900  to  1100  flight-hqufs-per- 
month  range.  However,  a specific  test  would  be  required  to 
determine'  the  exact  bounds  of  the  interval..  This,  is  a point 
to  consider  when  reliability  tests  are  scheduled  in  future 
programs. 

3 . 3 ;;6  UHtID  and  AH-lG  Reliability  Growth  Versus.  Fleet  Time 

Reliability  growth  versus  fleet,  time  for  these  aircraft  was 
investigated.  Figure  37  presents:  a,  plot  of  the  UH-ID  .arid  AH-lG 
MTBF  increase  versus  accrued  fleet  time.  Npte  that  the  initial 
MTBF  growth  for  the  UH-rlD  was  considerably  greater  compared  to 
that  of  the  AHtIG,  The  fleet  time  accrual  rate  of  the  UH-ID 
was  quite  low  during  its  early  production  years  compared  to 
the  AH-lG.  When  the  AH-lG  entered  service  during  the  heigh-t 
of  the  Vietnam  war,  the  use  ra-te  for  both  aircraft  was  at  its 
peak.  Figure  38  presents  a comparison  of  fleet  time  accrual; 
Thus,  initial  MTBF  increases  due  to  corrective  actions  on  the 
UH-ID  were  plotted  against  relative.ly  small  amounts  of  accrued 
test  time  compared  to  that  of  the  AH-lG;  This  resulted'  iri 
initially  higher  growth  rate  of  the  UH-lD. 

3.4  THE  RPM.  TECHNIQUE,  COMPARED , TO  UH-ID  AND  AH-lG  RELIABILITY 

GROWTH  EXPERIENCE  . . „ 

This  section  .examines  the  UH-ID  and  AH-lG  reliability  growth 
experience  in  relation  to  the  growth  parameters  defined  in 
General  Electric's  reliability  growth  prediction  techriique. 
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This  technique,  ^ich  has  been,  proven  acceptable  for  electronic 
equipment,  is  hoj^  acceptable  for  projecting  helicopter  relia- 
bilit^  growth.  The  factors  involving  this  conclusion  are  also 
explored. 

3.4.1  A Review  .of  the  RPM  Technique 

The  RPM  technique  is  a mathematical  approach  devised  to  predict 
the  reliability  growth  of  complex  electronic  weapon  systems,. 

Its  development,  according  to  its  authors,  was  i:  specific  re- 
sponse to  the  "reliability  program  credibilityr  gc  o that  exists 
between  stated  equipment  reliability  requirements  and  realized 
or  realizable  achievement." 

It  assumes  that  equipment  off-board  MTBF  will,  be  10  percent  of 
the  MTBF  goal.  The  goal  is  established  by  increasing  the  re- 
quirement by  25-  percent.  It  asserts  that  reliability  growth* 
is  approximately  inversely  proportional  to  the  square  root  of 
the  test  time,  and  that  the  slope  of  the  curve  plotted  oh  a 
log- log  scale  varies  between  a = 0.1  for  a developmeht  program 
having  no  formal  reiiability  effort  and'  a = 0.5  for  an  aggres- 
sive reliability  program. 

3 i 4 , 2 ^M  Technique  Compared  to  UH-lD  Reliability  Growth 
Experience 


The  observed  UH-ID  reliability  growth  did  hot  conform  to  the 
growth  parameters  of  the  RPM  technique.  The  UH-lD  off-board 
MTBF  was  significantly  greater  than  lO  percent  of  the  mature 
design.  MTBF.,  The  actual  value,  7.8  hours,  was  36  percent  of 
the  MTBF  ultimately  observed.  The  maximum  MTBF  experienced 
for  the  UH-lD  was  21.4  hours.  It  is  doubtful  that  the  MTBF  of 
the  UH-lD  will  ever  ihcrease  beyond  30  hours,  much  less  by  a 
factor  of  lO  to  78  hours.  Had  30  hours  been  the  MTBF  require- 
ment and  the  goal  established  at  37.5  hours  (1.25  x 30)  per 
RPM,  the  7- 8-hour  off-board  value  would  be  21  percent  of  this, 
more  than  double  the  10  percent  stated  by  RPM.  This  is  shown’ 
in  the  table  below. 


I 


Parameter 

Offboard 

MTBF 

Reliability 
Growth  Rate 


Observed  Reliability 
Growth  History 


7.8  hr 


RPM  Projected  Reliability 
Growth  History 


3.75  hr* 


= 0.062 
^2B  ~ 0*359 


.4  > a>.  2** 


*Based  on  a mature  MTBF  of  30  hr  10%  x (1.25  x 30)  - 3.75 

**Based  on  a reliability  program  of  moderate  intensity 


For  the  UH-lb>  twoi  distinct  growth  rates  were  observed  oh  the 
log-log  plots.  The  RPM  prediction  procedure  does  hot  consider 
a change  in  slope  ; The  initial  UH- lb  slope  = 0 . .0.62  . is  _ 

considerably  less  than  the  minimum  RPM  value,  d = 0.1  (the 
growth  rate  for  those  progral^  where  no  specific  consideration  ' 
is  given  to  reliability).  However,  dun  ^ 0-359  does  fall  - 
within  the  bounds  of  RPM; 


3.4.3  RPM  Prediction  Technique  Compared  to  7^-lG  Reliability 
Growth  Experience  ' T" 

f , . . • - 

The  AH-IG  reliability  growth  was  not  within  the  I^M,  parameters 
As  was  the  case  with  the  UH-lD,  the  off-board  MTBF  was  signifi-r 
cantly  higher  than  10  percent  of  the  MTBF  ultimately  .observed. 
The  AH-lG  M&R-  program  was  two  calendar  years  shorter  in  dura- 
tion than  the  UH-lb  program.  However,  as  implied-  in  paragraph 
3.3.3,  the  AH-IG  failure  rate  would  have  been  reduced  approxi.-r 
mately  56  percent  had^  its  program  -been  of  the  same  -.duration  .. 
as  that  of  the  UH-lD-.  The  AH-IG-  would  then  have  had  an  ulti- 
mately observed  MTBF  of  11.8  hours,  it  is  doubtful,  that  the- 
AH-IG  wiil  ever  achieve  an  MTBF  above  17  hours,  a value  signi- 
ficantly lower  than  66  hours.',  ten  times  the  off-board  value; 

Had  17  hours  been  the  MTBF  requirement  and  the  goal  established, 
at  21.25  hours  (1.25  x l7)  per  F^M,  the  6. 6- hour  of fr board 
value  would  be  31  percent  of  this,  more  than  triple  the  pre- 
scribed 10  .percent.  This  is  shown  in  the  table  below. 


Observed  Reliability 
. Growth  History  , , 


RPM  Projected  Reliabii'i-fav 
,,  Growth  History  , ... 


Parameter 


Off board 
'.MTBF 


6.6  hr 


2.125  hr* 


Reliability 
Growth  Rate 


«6A  = 0.016- 

«6B  = 


a = 0.50** 


w-  . • ! 


*Based  on  a mature  MTBF  of  17  hr  10%  x (1.25  x 17)  = 2.25 
**Based  on  a>  reliability  program  of  high  intensity 

Like  the  UH-lD,  two  distinct  growth  rates  were  observed  for 
the  AH-IG  on  the  log-log  plots.  The  initial  slope  = 0.016 

was  again  considerably  less  than  the  minimum  RPM  value  (a  = 0.1) . 
Unlike  the  UH-lD,  the  second  AH-lG  growth  curve  segment  = 

0.099  remained  below  the  minimum  RPM  value,  even  though  the  AH-IG 
M&R  program  was  considered  to  be  of  greater  intensity  than/ that 
of  the  UH-lD.  This  is  discussed  in  subsequent  paragraphs. 
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3.4.4  The  RPM  Qff.-rBoard  MTBF  Versus  Helicopter  Off-Board  MTBF 

- The  RPM  def  initiori-  of  of  f-board  MTBF  is  , by  the  j^ature  of  the 
hardware,  not  that  used  in  the  UH-ip  and  AH-IG  growth  curye 
developiheht.  The  RPM  definition-  is  based  on  taking  a statis- 
tically derived  1,0  percent  of  the  MTBF  goal.  Beoause  of  this, 
many  of  the  low  MTBF  failure  modes  are  still  present  prior  to 
the  start  of  system- level  testing.  Helicopter  off-board  MTBF 
is  based'  on  "flight  quality"  hardware.  The  helic.opter  com- 
ponents have  already "experienced  design  .Support  and  quality 
conformance  testing  before  being  pronounced  flightworthy. 

Many  of  the  infant  mortality  failure  modes  havebeeh  elimi- 
nated prior  to  first  flight.  Also,,  heiicoptef  componehts  tend 
to  be  part  of  a continuing  growth  from  model  to  model-.  This, 
results  in  a high  off-board  MTBF  value.  Thus,  the  .requirement 
for'  "flight  quality"  hardware  fbr  testing  ensiireS  that  off- 
board  MTBF  values  will  be  high, 

3.4.5  .RPM  Program  Intensity  Parameter  Applied  to  UH-lD  and 
AH-IG  Reliability  Growth 

The  particularly  noteworthy  feature  of  the  RPM  technique  when 
applied  to  comp],ex  electronics  equipment  is  that  the  rate  of 
reliability  growth  can-  be  substantially  ^.Itered  as  a direct 
function  of  reliability  program  intensity.  However,  when 
applied  to  UH-lD  and  AH-IG  helicopters,  this  was  not  found  to 
be  true.  The  AH-IG,  although  developed  within  a reliability 
program  of  higher  intensity  than  that  of  the  UH^ID,  demonstrated 
a lower  rate  of  reliability  growth  when  MTBF  increase  was 
plotted  against  accumulated  test  tim,e  using  the  RPM  technique. 
See  paragraph  3.3.2.  For  this -particular  situation,  any  kind 
of  plot  with  test  time  as  one  of  the  axes  would  have  the  same 
outcome.  Figure  39  further  illustrates  this.  At  the  upper 
end  of  each  growth  curve  there  are  two  or  iroie  percentage  data 
points  marking  the  last  hour  of  testing.  These  points,  repre- 
sent the  continued  reliability  growth  after  completion  of  the 
last  hour  of  testing.  It  also  demonstrates  that  corrective 
actions  indeed  dp  require  considerable  lead  times  .for  incorpora- 
tion since  each  data  point. corresponds  to  the  beginning  of  a 
new  FY  production.  The  RPM  technique  applied  to.  avionics 
testing  does  not  encounter  the  above  circumstances  because  it 
requires  that  failure  modes  be  corrected  and  a design  change 
be  incorporated  in  the  hardware  before  testing  resumes.  This 
is  an  unrealistic  requirement  for  a helicopter  development 
test  program.  Aircraft  design  corrections  are  time  consuming 
even  for  the  most  minute  changes.  It  is  not  reasonable  to 
require  that  testing  be  delayed  for  i^ncorporation  of  each 
design  change.  If  this  were  to  occur,,  the  cost  due  to  down 
time  between  test  sequences  would  be  unreasonable. 
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3-4  s*6 


Cohblusiohs /ori  Applicabi^lity  of  RPM  Technique  for 
Predicting  Reliability  Growth  of  Helicopters 


The  RPM  technique  is  not  a viable  iriethod  of  predicting  relia- 
bility growth  of  a helicopter.  The  spfeceding  "paragraphs  have 
shown  that  the  off-bbaird  MTBF  and  ultimate  MTBF  relationship 
defined  by  "RPM  is  not  valid  for  helicopters.  RPM  does  riot 
corisidei  double-segment  growth  curves.  Reliability  growth 
measurement  defiried  by  ^M  is  not  suitable  for  helicopters. 
Wheri  program  iritensity  is  changed  to  alter  the  growth  rate,, 
the  response  has  riot  been  predictable  wheri  measured  vising  ]^M 
grovand  rjiles'.  Fvarther>  the  range  of  g = 0.1  tb  0.5  is  the, 
result  of  long  study  pi  avionics  equipment  histbry.  The  g 
values  generated  by  this  study  have  not  generally  fallen 
within  the  bovinds  of  the  RPk  method. 
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TABLE  9 . FLIGHT  (TEST)  TIME  VERSUS  MTBF  FOR  UH-lD 


FY 


*rogram 


Col.  1 


Accum.  Titne  Bases 


yuh-id: 

Fleet 


3 


BHC 

Test 


Total  Operating  Test 
Time  Used  To  Plot  a 


«1 

Time  * 


"^2  : 

Time  * 


. «3 
Time  * 


***.** 

^F 

(Hr) 


**** 

MTBf 

(Hr) 


** 


YUH-ID 

Off-Bd 


ioo 


100 


100 


100 


-** 

7.8- 


** 

lA 


S2**M 


0 


2899 


280 


3179 


3179 


3179 


9.5 


0 

13606 

21946 

36785 

49947 

49947 


S 3932 

] 

! 5855 
: 6826 
I:  7106 
: 8113 
' 8453 


49947  1.8826 


335 

435 

485 

535 

535 

535 

535 


4267 

19896 

29257 

44426 

58595 

58935 

-59308 


3i79 

16785 

25125 

39964 

53126 

53126 

53126 


4212 

13886; 

29()52 

44171 

58340 

58680. 

59053 


10.0 

14.5 

15.3 
16i7 

18.4 

21.2 

.21  .-4 


9 A 


10.( 

12.! 

15i^ 

le.;* 

20.: 

22.( 

27^ 


* = Col.  2 + 3 + 4 

«2  ^ Col.,  2 + 3179*** 

«3  = Col.  4.  for  YUH-ID,  Col.  3 = 4 for  FY  62  and 

Col.  2 + 3 + 280***  for  -FY  63  through  FY  6'9 

**  100  hours  shakedown  is  the  earliest  point  at  , 

Which  off-board  .can  be  considered.  Prior  to 
100  hours  it  is  hot  known  what  the  aircraft 
MTBF  is.  The  7.8-hour  MTBF  was  demonstrated 
on  the  YUH-ID. 

***  3179  hours  includes  100>  hours  shakedown.  3179  total 
operating  test  hours  were  accomplished  prior  to  the 
M&R  Program  beginning  af;d  delivery  of  FY  62  aircraft. 

****  ^Resultant  MTBF’s  if  failure,  rates,  for  unincorporated 
correctipns  had  been  subtracted  completely. 


*****  From  Table  7',  Col.  4 
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Figure  9.  Reliability  growth  (MTBF)  for  UH-ID  versus  flight  time 

(M&R  Program  monitored  time,  YUH-ID  time  a:hd  BHC  test  time) 


PLIGHT  (TEST)  TIME  (10 >000  HOURS) 

Figure  11.  Reliability  growth  (MTBF)  for  UH-ID  versus  flight 
time  (M&R  Program  monitored  time) . 


Figure  12.  Reliability  growth  (MTBF)  for,  UH-ID  versus  flight 
time  (M&R  Program  monitored  time  and  YUH-lD  time) 
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flight  (TEST)-  TIME.  (iO^OOO  HOURS') 

Figure  13.  Reliability  growth  (MTBF)  for  UH-ID  versus  flight 
time  (M&R  Program  monitored  time  and  YUH-ID  time) 
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TABLE  10.  UH-ID  DESIGN- MTBF  AND  TEST 

TIME;  VERSUS  CALENDAR  QUARTER 


1 

16.3 

: 21946 

25125 

66  ^ ■ 

. 18.3 

29392 

32571  j 

3 

18.6 

36785 

3179 

39964 

4 

18.6. 

44846 

3179 

48025 

1 

18.7' 

53126 

67  ^ 

18.8 

53126 

3- 

19.7 

49947 

3179- 

53126 

4 

20.3 

49947 

3179 

53126 

1 

49947 

53126 

2 

49947 

53126 

6S  3 

21.4 

49947 

3179 

53126 

4 

21.4 

49947 

3179 

53126 
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TABLE  13.  FLIGHT  (TEST)  TIME  VERSUS  MTBF 
FOR  AH^IG 


Fiscal 

Year 

Accumulated  Flight  Time 
BHC/Army 
M&R  Program. 

MTBF 

MTBF** 

FY  66 
Lot  4 & 5 
Off-Bpard 

100 

6 . 6*  ' 

'6. 6* 

1,.002 

6.7 

6.7 

moniiim 

6,594 

7.0 

7.0 

24^884 

8.1 

8.2 

66,272. 

9.4 

9.6 

y||Q||H 

66,272 

9..:6 

9.9 

* 100  hours  shakedown  is  the  earliest  point  at  which 

off-board  can  be  considered. 


**  Resultant  MTBF's  if  failure  rates  for  unincorporated 
corrections  had  been  subtracted  completely. 


016  = 0.099 


TABLE  14 . AH-IG,  DESIGN  MTBF  AND  TEST  TIME  VERSUS 
CALENDAR  QUARTER 

Calendar  Quarters 

Design 

MTBF 

M&R  Time 
(Operating  Hr) 

6,6 

38 

- 3 

6.6 

1,002 

- 4 

6.8 

4,710. 

1968  - I 

7.2. 

1C),  643 

- 2 

7.6 

17^592 

- 3 

8.1 

24,884 

- 4 

8.3 

33,488- 

1969  - 1 

,8.3 

43,020 

- 2 

9.1 

52,930 

- 3 

9.3 

62,675 

- 4 

9.3 

^ 66,272 

1970  - 1 

9.6 

! 66,272 

- 2, 

9;.  7 

66,27Z 
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FLIGHT  (TEST)  TIME  (10,000  HOURS) 
Figure  26.  Reliability  growth  of  AH-IG  design 
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TABLE  16.  AH-IG  SUBSYSTEM  PERCENTAGE.  CONTRIBUTION 

TO.  total  failure  rate  DECW^E  ; 


Subsystem 

A 

7.  of  Original 
' Total, 
Failure  Rate 
(FY66) 

, B 

It  Contribution 
' to  Total 
. Decrease  In 
Failure  Rate 

C 

Subsystem- 

Improvement 

Factor 

B/A 

. Airframe 

24,4 

'24;.7= . 1 

i.oi  ■ 

Seats 

0.7 

0.5 

" 0.71 

Controls 

22.5^  ; 

32.5  ' . 

1.^4 

■ Drive 

6.3 

7.1 

1.13 

Electrical 

■ ^ 19.3  : 

15.5 

0.80 

Fuel 

: l,.o 

^ 0.0 

- 0.00 

^ < 

Hydraulic 

3.1 

0.8 

. 0.26 

instr.  Instl. 

l-;3 

1.4 

1;08 

Oil  Cooling 

3.1 

8.0 

2.58 

Power  Plant 

6.3 

3.6 

0.57 

Rotors 

5.9 

0,5 

0.08 

Cautioh/Waming 

4.3 

3,4 

0.79  . 

Auxiliary  Equipment 

1.8. 

2.0 

1.11 

AH-IG  SUBSYSTEM  FAILURE  RATE  PERCENTAGE  CHANGE  BY  FISCAL  YEAR 
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after  first  aircraft  delivery. 
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Decrease  in  Subsystem  Failure  Rate 
Contribution  Total  Decrease  in  Failure  Rate 
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FAILURE  RATE  INTERVAL  (X  10^ )' 

Figure  35.  Niiinber  of  problem  corrections  versfus  magnitude  of  the 
failure  rate. 
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Figure  36 . UH-ID  and  AH-IG  reliability  growth  rate  versus  level  of  testing 
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Figure  38.  UH-lD  and  AH-IG  fleet  time  accumulation 

versus  calendar  year  after  first  FY  delivery. 


FLIGHT  (TEST)  TIME  (10  >000  ;HOURS0, 

Figure  39 . Reliability  growth  for  the  UH-ID  and  AHtIG.  '(Percentage 
decrease  in,  failure  rate  versus  operating  time) 
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4 . 0-  HELICOPTER  RELIABILITY  GROWTH-  PREDICTION  TECHNIQUES 
. FOR  FUTURE  HELICOPTER  DEVELOPMENT 


A,  limited  helicopter  reliability  growth  prediction  technique 
has  been  developed  from  the  relationships  defined  in  this 
study..  It  has  been,  demonstrated  that  under  the  conditions 
that  existed  in  the  UH-l/AH-1  M&R  program,  the,;  rate  of  relia- 
bility growth-  was  cphstant  and  equal  for  the  UH-lD  and  AH-IG. 
This  fact  allows  other  relationships  to  be  developed  that 
permit  the  tailoring  of  test  programs  to  budget;  required 
MTBF,  and  off-board  MTBF.  There  may  be  risk  involyed  in 
applying  this  technique  to  helicopters  not  of  the  same  size 
and  complexity  as  the  UH-ID  and  ,AH-1g  and.  manufactured  by 
someone  other  than  BHC.  The  technique  may  be  limited-  in  that 
it  is  derived  from  data  from  a failure  monitoring  and  correc- 
tive action  activity  on  a sample  fleet  of  30  or  more  initial 
production  aircraft  with  a test  time  accumulation  rate  in 
excess  of  1200  flight  hours  per  month.  The  30  aircraft  fleet 
is  significant  in  that  it  was  determined  to  be  a statistically 
valid  sample  consistent  with  the  M&R  program-  definition  of  a 
problem  requiring  correction  action.  'The  1200  flight  hours 
per  month  ensures  that  a level  of  testing  is  maintained  con- 
sistent with  the  growth  rate  demonstrated  on  the  UH-ID  and  AH- 
IG.  Obviously,  the  technique  is  not  intended  to  be  used  to 
predict  a rate  of  reliability  growth,  since  that  value  is  a 
constant.  It  is  intended  to  be  used  to  predict  test  tim-s 
required  to  achieve  a given  mature  MTBF,  knowing  beforehand 
the  value  of  the  off-board  MTBF,  It  is  to  be  used  to  predict 
what  off-board  MTBF  is  required  to  meet  a given  mature  MTBF 
with  a limited  number  of-  test  hours.  Also,  l-t  is  to  be  used 
to  determine  what  level  of  mature  MTBF  can  be  achieved  with  a 
known  off-board  MTBF  and  a limited  number  of  test  hours. 

4.1  BASIS  FOR  DEVELOPMENT  OF  THE  PREDICTION  TECHNIQUE 

It  has  been  shown  that  the  reliability  growth  rates  of  the 
UH-lD  and  AH-IG  are  equal  when  expressed  as  a cumulative’  per- 
centage reduction  in  failure  rate  versus  fiscal  year  aircraft 
model.  The  fiscal  year  aircraft  model  scale,  for  practical 
purposes,  can  be  converted  to  calendar  years,  because  each 
point  on  that  scale  marks  the  beginning  of  a fiscal  year  model 
delivery  within  a calendar  year.  Percentage  reduction  in 
failure  rate  and  calendar  years  are  the  logical  axes  on  which 
to  plot  reliability  growth.  This  method  has  been  shown  to  be 
insensitive  to  variations  in  program  intensity,  rate  of  test- 
hour  accumulation  (above  some  ceiling  level  of  testing) ,,  total 
test  hours,  rate  of  problem  correction  initiation,  and  type  of 
aircraft.  It  makes  .use  of  the  one  variable  that  appears  to 
dominate  all  others,  i.e.,  the  length  of  time  necessary  to 
incorporate  corrective  action. 
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Section  3.3>3  demonstrated  the  linear'  relationship,  that  exists 
between  ciamulative  percentage  reduction  in  failure  rate  and 
growth  time.  The  UH-ID  and  AH-IG  reliability  growth  curves 
both  exhibited  slopes  of  8; 6 percent  per  year  reduction  in 
failure  rate  based  on  the: 'off -board  failure  rate.  This  re- 
lationship was.  shown  to  exist  through  8 calendar  yearSi 

4.2  DEVELOPMENT  OF  THE  PREDICTION  TECHNIQUE 

A mathematical  relationship  among  off-board  Mean-fime-Between- 
Failures  {MTBF-„X,  mature  or  required  Mean-Time-Betweeh- 

Up 

Failures  (MTBF^^)  , and  .reliability  growth  time  is  easily  estab- 
lished, knowing  that  the  rate  of  reliability  growth  is  a 
constant.  Cumulative  percentage  reduction  in  failure  rate  is 
computed  from  an  -initial  failure  rate  or  off-board  failure 
rate  where 

Ud 


OB  MTBF, 


and  from  a mature  failure  rate  or  required  failure  rate 
where 


R MTBF, 


Since  a cumulative  percentage  reduction  in  failure  rate  exists 
in  a linear  relationship  with  calendar  years  of  reliability 
growth,  an  equation  relating  the  two  will  be  of  the  form 

y = mx  + b 


where 


m = 8.6  slope  of  the  line 


b = 0 since  the  line  will  pass  through 
the  origin 

X = Tg  calendar  years  of  growth 


f OB  ~ \ / \ 

y — T 1 1 100)  percent  reduction  in 

\ '^OB  /V  / failure  rate. 


Substituting  for  y,,  m,  and-  x> 


Simplifying  the 


equation-  and  solving  for  T,^ 


f 


T 

g 


Substituting  for  and 

1\  \Jd 


MTBFq3 

MTBFj^ 


(.086 


(8) 


where  8 > T 2 o. 

g 

since  this  relationship  is  not  known  to,  be,  valid  beyond  8 
calendar  years. 

Recall  from  Section  3.3.3  that  calendar  years  of  reliability 
growth,  T^,  could  be  related  to  calendar  years  of  testing,  T^, 

through  correlation  with  the  Fibonnacci  sequence,  whose  ratio 

of  consecutive  terms  is  ^ or  1.618.  Thus, 


T = 1.618  T 

g 


Substituting 


for  T 

g 


9 


1.618 


MTBF 
“ OB 

MTBF^ 

K 


where  4.942  T^2  b . 


MTBFq3 

MTBFj^ 


(9) 
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5.0  CONCLUSIONS  AND  RECOMMENDATIONS 

5.1  CONCLUSIONS 

The  data  retrieval  and  analysis  effort  and  the  UH-.lD  and  AH-l'G 

reliability  growth  evaluations  indicate  that: 

- Reliability  growth  of  the  UH-ID-  and'  AH-IG  wasj  constant. 

- There  are  many  variables  that  may  affect  reliability 
growth.  However,  the  time  required  for  incorporation 
of  a cprrective  action  dominates  all  other  variables. 

The  Reliability  Planning  and  Management  prpcedure  is 
not  valid  for  defining  helicopter  reliability  growth. 

r-  For  helicopters,  there  exists  a level  of  testing  above 
which  further  increases  in  testing  will  not  increase 
the  rate  of  reliability  growth. 

- Intensive  reliability  engineering  effort  should  be 
expended  during  the  design  phase  Of  new  helicopter 
development  to  ensure  that  the  off-board  MTBF  is  as 
high  as  possible.  This  will  minimize  the  reliability 
monitoring  program  required  to  achieve  the  required 
mature  MTBF. 

- The  investment  in  an  aggressive  reliability  engineering 
effort  during  the  design  effort  is  the  most  cost- 
effective  way  to  improve  the  helicopter.  This  does  not 
imply  that  reliability  growth  testing  and  monitoring 
programs  should  be  abandoned.  There  are  mission-  and 
environment-related  failure  modes  that  cannot  be  fore- 
casted from  drawings.  Early  discovery  and  timely  cor- 
rection failure  modes  via  a reliability  monitoring 
program  on  an  early  production  lot  of  fielded  aircraft 
coupled  with  an  effective  reliability  engineering  effort 
during  the  design  phase  will  ensure  the  most  timely 

and  cost-effective  achievement  of  the  overall  aircraft 
reliability  goals. 

5.2  RECOMMENDATIONS 

As  a result  of  the  above  conclusions,  it  is  recommended  that; 

- A reliability  program  of  field  failure  monitoring  on 
a controlled  sample  of  helicopters  be  made  a part  of 
each  new  helicopter  development. 
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A Study  be  conducted  to  deteraine  the  optimum  and' 
minimum  rate  of  test-hour  accumulation  for  reliabil-ity 
failure  monitoring  activities  on,  helicopters .. 

A helicopter  reliabiiity  growth  evaluation  be  conducted 
on  helicopters,  manufactured  by  contractors  other  than 
Bell  Helicopter  Company.-  This^  will  deteinnine  whether 
the  findings  in  this  study  are.  typicai  pf  other  heli- 
copters and  will  detemine  the  applxcdbiiity  to.  other 
helicopters  of  the  reliability  growth  prediction  tech- 
nique f emulated  in,  thih  s,tudy. 

A study  be  conducted  to  ex^ine.  what,  connection/,  if  any, 
exists  between,  the  failure  mode  criticality  of  .the  ebr- 
f eoted  problems  and.  the  length  of  time  required  tp 
correct  those  prob.lems.  It  may  be  revealed  that  heli- 
copter reliability  growth  is  proportionate  to  failure 
mode  icriticaiity.  ■ 


APPENDIX  A 

FACTORS  LEADING  TO  TERMINATION  OF  THE 
OH- 5 8 A:  ‘^LIABILITY  GROWTH  EVALUATION 


The  OH-58A  portion"  of  the  study  was  discontinued'  when  it  was 
determined  that  the  -data  sources  ayaiiable  would'  .not  provide  the 
rrequired  information  to  support  a reliiibility  growth  evaluation . 
The  OH-58A  was  not  the  subject  of  an  M&R  field  program  as  were 
the  UH-ID  and  AH-1g.  There  is  rib  period  in  its  history  where  a 
failure  monitoring  and  problem  corrective  action  program  was 
cbriductedi  There  have  been  various  test  programs  for  the  OH-58A. 
Table  A-1  presents  a test-hour  siimmary.  A 24pp-hour  reiiability 
and  maintainability  demonstration  was  conducted  using  two  FY  68 
OH-58A  helicopters  to  demonstrate  that  the  OH-58A  would  meet  its 
maintainability  and  reliability  guarantees..  Problem  identifi- 
cation and  corrective  action  initiation  were  incidentai.  Al- 
though several  design  changes  were  made  as  a result  of  the 
demonstration,  that  effort  was  not  a development  program.  Had 
there  been  a monitoring  program  to  track  the  OH-58A  reliability 
growth:  following  the  2400-hour  demonstration,  the  FY  68  model 
would  have  provided  a baseline  configuration  to.  which  subsequent 
FY  models  would  have  been  compared.  This  could  not  be  accomp- 
lished. The  most  significant  obstacle  in  tracking  the  growth  of 
the  GH-58A  was  the  lack  of  credible  data  covering  more  than  one 
fiscal  year  model  aircraft.  It  was  believed  that  BHC's  Dis- 
crepancy/Malfunction Reporting  System  (failure  reports  from  BHC 
Service  representatives  and  helicopter  users)  would  provide 
sufficient  data  on  aircraft  subsequent  to  FY  68  models  to 
identify  problems  and  compute  failure  mode  rates.  The  data 
proved  to  be  inadequate  on  all  of  the  models  subsequent  to  FY  68. 
This  was  due  in  part  to  Army  termination  of  technical  repre- 
sentative contracts.  It  was  at  this  point  that  the  decision  was 
made  to  discontinue  efforts  on  the  OH-58A  and  to  concentrate  on 
the  UH-lD  and  AH-IG  helicopters. 
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APPENDIX  B 

A SUMMARY  OF  -RESEARCHED  MATERIAL  NOT  PRESENTED- 
- iM' THE  RELIABILITY  GROWTH  STUDY  TEXT' 


A significant  amount  of  material  was  researched  in  supp9rt  of 
the  helicopter  reliability  growth  evaluation  but  was  hot 
presented  in  the  text  pf  this  report.  These  research  efforts 
identified  and  eliminated  those  lines,  of  investigation  that 
would  not  contribute  to  the  study,  it  was.  known  prior  to  the 
execution  of  this  contract  that  there  existed  a probability 
that  some  of  the  data  -sources  investigated  might  not  provide 
useful  information.  This  appendix  presents  a summary  of  :those 
research  efforts  including  their  intended  use  and  the  reasons 
for  failure. 

DATA  TYPE 

BHC  Flight  Test  and  Ground  Vehicle  Test  Records. 

Data  Description 

These  data  consist  of  many  types  of  records  of  activity  at  the 
BHC  Flight  Test  Facility.  Four  types  of  records  contain  most 
of  the  information.  The  first,  Flight  Sheet  (BHC  Form  7868. 
55360,  EXPERIMENTAL  FLIGHT  TEST  RECORD),  is  filled  out  for 
each  flight  or  ground  run.  The  flight  sheet  contains  the 
flight  time,  number  of  takeoffs  and  landings,  total  flight 
time,  total  engine  time,  purpose,  pilot ' s remarks,  aircraft  eg 
and  gross  weight,  and  other  information  pertaining:  to  the 
aircraft  configuration.  The  flight  sheet  also  contains  a 
summary  of  maintenance  and  component  changes  since  the  .pre- 
vious flight.  The  second  is  the  Flight  Test  Work  Sheet  (BHC 
Form  7878  55440) . This  form  is  used  to  record  each  main- 
tenance action  performed  on  the  aircraft.  The  third  and 
fourth  types  of  records  are  the  Flight  Test  Engineer's  Report 
and  the  Flight  Test  Pilot's  Report.  These  records  are  engi- 
neering reports  which  describe  the  purpose  of  the  test,  how  it 
was  conducted,  and  the  results. 

Intended  Use  in  This  Study 


It  was  believed  that  these  data  could  provide  sufficient 
information  such  as  aircraft  time  and  component  failures  to 
establish  an  off-board  MTBF  for  the  aircraft  models  in  this 
study . 
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Results 


A review  of  these  data  revealed  that  even  though  each  mainte- 
nance action  was  recorded,  it  was  not  indicated  if  the  maihte- 
nance  was  required  due  to  a failure  or  some  type  of  nonfailure 
cause.  A significant  amount  of  maintenance  (data  appears  to  be' 
adjustments,  inspections,  and  instrumentation i 

The  data-  were  not  in  a format  that  could  be  readily  computer 
processed.  In  order  to  be  used  for  this  study,  prohibitively 
extensive  research  in  the  files,  of  each  aircraft,  would  be 
fequiredi 

DATA  TYPE 

TAERS  (The  Army  Equipment  Record  System) 

TAMMS  (The.  Army  Maintenance  Management  System) 

Data  Description 

The  BHC  file  of  TAERS/TAMMS  data  consists  of  65  reels  of 
magnetic  tape  containing  approximately  12  million  records 
received  from  AVSCOM.  These  records  are  DA  Form  2407  (Main- 
tenance Requests) , DA  Form  2408  (Equipment  Reocrds) , and  DA- 
Form  2410  (Component.  Removal  and  Repair/Overhaul  Records)-  on 
UH-1,  AH-1,  and  OH-58A  aircraft.  They  contain  records  of 
maintenance  actions  performed  on  each  of  the,  types  of  aircraft 
in  the  study. 

Intended  Use  in  This  Stud 

It  was  intended  that  the  data  be  used  to  obtain  MTBF  and  MTBR 
values  for  aircraft  systems  and  components  by  aircraft  produc- 
tion iQt.  Since  the  maintenance  and  failure  data  on  the 
2407/08  form  .is  recorded  by  Federal  Stock  Number  (FSN)-  and 
nomenclature,  it  must  be  sorted  by  FSN/part  number,  cross-r 
referenced,  and  listed  by  part  number  before  it  is  readily 
usable.  Since  these  records  do  not  -contain  a part  or  component 
time,  it  is  necessary  to  sort  the  data  by  aircraft  serial 
number  and  date  or  aircraft  time  to  determine  if  the  discrep- 
ant part  has  been  installed  since  new  or  has  been  previously 
replaced.  By  subtracting  the  first  reported  aircraft  time 
from  the  last  reported  time  for  each  aircraft,  an  approximate 
time  base  can  be  established  for  a certain  calendar  period. 

With  the  above  tasks  accomplished,  it  would  be  possible  to 
estimate-  a part  MTBF,  MTBR,  and  reliability  for  a specific 
aircraft  production  lot. 

The  2410  records  have  both  FSN  and  part  number  blocks  and  also 
have  blocks  for  part  serial  number  and  time  and  aircraft 
serial  number  and  time.  However,  these  records  are  used  only 


159 


for  "reportable  items, " i,.e.,,  those  parts  yijbh  an  established 
Time  Between  'Oyerhauis  (TBO) . 

Results  . ' - 

The  file  oi  -2407/08  records  was  sorted,  and-  those  records  cdh- 
taining  ah  FSN  were  compared  to  a file  of  FSNs  with  cor'resr- 
ponding  part  htimbers.  Listings  by  aircraft  model  for  - ' 
particular  time,  periods  were  generated.  A review  of  the 
listings-  revealed  that  a large  quantity -of  the  2407/08  -records 
contain  no  FBN,  The  nomenclature  was  not  descriptive  enough 
to  determine  the  .part  number.  Further,  it  was  found  that 
approximately  gne-half  of  thos^  2407/08  records  with  an  FSN. 
recorded  had  invalid  FSNs,  i.e.,  the  FSN  did  not  have  a cor- 
responding part  niimber  on  the  cross-reference  file.  Ah  invalid 
FSN  maybe  the  result  of  a wf orig  entry  bn  the  original  form,  a. 
missed  keypunch,  of  part  number  of  serial  humbef  entered  ih 
the  FSN:  block'i  Many  of  the  remainirig  records  were  incomplete, 
or  incorrect  in  other  data  entry  blocks  such  as  failure  code, 
aircraft  serial  number,  and  aircraft  time.  Therefore,  the 
data  were  not  usable. 

BATA  TYPE 

3-M-  (Naval  Aviation  Maintenance  and  Materiel  Mahagement) 
Maintenance  Records 

Data  Description 

The  BHC  file  of  3-M  Maintenance  Records  consists  of  11  reels, 
of  magnetic  tape  containing  approximately  3 million  records 
received  from  the  Navy.  These  records  are  taken  from  the  Nayy 
OPNAV  Forms  4790  on  UH-lE,  UH-lD,  UH-lL,  TH-1l,  TH-57A,  HH-IK, 
UH-IN,  AH-IG,  AH-IJ,  and  UH-IH  aircraft.  They  contain  records 
of  maintenance  actions  performed-  oh  each  type  of  aircraft 
listed  above.  Several  working  files-  of  data  sorted  by  type  of' 
aircraft  and  type  of  data  exist.  Computer  programs  process 
these  working  files  to  provide  listings  by  type  of  aircraft, 
containing  maintnenace  action  rates,  failure  rates,  abort 
rates,  and  maintenance  man-hour  data.  These  rates  and  main- 
tenance man-hour  data-  are  broken  down  by  work  unit  code  (WUC) . 

intended^  Use  in  This  Stud 


It  was  intended  that  the  data  be  used  to  obtain  MTBF  and  MTBR 
values  for  aircraft  systems  and  components  by  aircraft  produc 
tion  lot. 


Result  : 

Extensive'  computer  prograramihg  wouW  have  been  required  to  ob- 
tain the  data  listings  in  a usefii-]  format..  Further,  a review 
of  the  raw  data  revealed  that  many  records  are  incomplete  of 
incorrect  in  the  part  number .and  part  time  data  blocks,  thus 
making  the  entire  record  useless.  " 

DATA  TYPE 

3-M  (Naval  Aviation  Maintenance  and  Materiel  Mahegenient) 

Analysis  Data 

Data  Description 

These  data  are  provided  to  BHC  by  the  Navy  and  are  contained 
on  microfilm  and  computer  tab  runs  and  are.  ih  .three  different 
formats*.  The  first,'  "Fleet  Weapons  Reliability  and  Maintain- 
ability Summary"  (MSG  4790.A2142-01) , covers  data  on  Bell 
helicopters  fpr  the  period  from  January  1967  through  June 
197-3.  This  report  is  a six-month  summary  of  the  number  of 
maintenance  actions  and  failures  and  the  corresponding  rates 
for  each  work  unit  code.  It  also  contains  flight  time,  total 
maintenance  man-hours,  maintenance  man-hours  per  flight  hour, 
and  elapsed  time  per  maintena.nce  action. 

The  second,  "Aviation  High  NOR/ ]^C' Items"  (4790.A2099t01) , 
data  covers  Bell  aircraft  from  March  1972  through  July  1973. 
These  data  are  presented  for  each  aircraft  by  command  and  by 
Navy  total,  NOR  and  RMC  time  for  scheduled  arid  unscheduled 
maintenance,  arid  NQR/I^C  due  to  supply  for  the  three  high 
items  of  system  and  the  total  aircraft. 

The  third,  "Fleet  Failure  Summary"  (4790.A2107-01) , a report 
covering  the  most  recent  twelve-month  period,  is  issued  monthly. 
The  data  cover  September  1971  through  July  1973.  This  analysis 
lists  the  number  of  maintenance  actions  performed  ori  each  WUC. 

Intended  Use  in  This  Study 

The  data  were  reviewed  to  determine  if  it  was  possible  to 
extract  aircraft  serial  number,  total  time,  part  failures.,  and 
part  times. 

Results 


These  data  are  a summary  by  aircraft  type  arid  WUC.  They  can- 
not be  used  to  establish  a correlation  between  aircraft  pro- 
duction lot  and  part  MTBF.  Therefore,  the  data  were  of  no 
value  to  the  study. 
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DATA  TYPE 

Bell  Helicopter  Bench  Test  Records 
-Data  Descriptiori 

Engineering  bench  test  reports  ahd';^16g  books  "contain  ^;he 
results  of  bench  testing i The  following  information  is 
contained  in  the  records : 


- Nomenclature  of  comppnenet  undergoing* 'test 

- Part  number 


- Test  conditions  (stress  level,  etc.) 

- • Duration  of  test  . 

- Success  of  failure  statement 
sFailure  mode  if  a,  failure  occurs 
Occasionally,  recommendations 

Intended  Use  in  This  Study 

It  was  believed  that  the  tests  cpuld  provide  sufficient  data 
to  establish  early  componeh-t:,  service  life.  The  identifica- 
tion of  failure  modes  present  in  the,  test  was  to  be  used  to 
establish  the  configuration  changes  occurring  in  har,dwafe 
prior  to  production.  Prom  this  information,  component  re lia- . 
bility  growth  during  the  development  stage  could  be  determined. 

Results 

Many  of  the  components  being  tested^  were  never  intended  to  be 
flight- quality  hardware.  Often,  tlie  tests  being  conducted 
subjected  the  component  to  stresses  that  do  not  compare  with 
those  encountered  in  normal  service.  Many  were  tests  to  de- 
struction. Often,  the  records  contained  insufficient  informa- 
tion to  be  useful  to  the  program. 

DATA  TYPE 

Design  Change  Documents 
Data  Description 

The  Product  Change  Authorization  (PCA)  -is  the  document  at  Bell 
Helicopter  Company  which  governs  design  changes.  It  is  created 


ji-i.Mii--— ffiiri'iirainiifimiiw rill''''  -■■"■•■■n'rtiiiivnrr-i  iwiii  «»riiwirririiiii  iiiiiiTi  m iiirVr-"-  iff 


following  approval  of  ah.  Engineering  Change  Proposal  (ECE) . 

The  PCA  is  an  administrative  document  whereas . the  ECP  is:  a 
technical  document. 

i O,  • ' 

Intended  Use  in  This  Study 

Each  PCA  and  ECP  applicable  to  the  helicopters  in  this  study 
was  to  be  examined  tp  determine  its  impact/  if  any,  oh  felia- 
bi'iity  growth.  Those  that  did  result  in  a reliability 
improvement  were  to  be  used  to  establish  the  configuration 
changes  that  resulted  in  an  MTBF  unique  to  each  EY  model-; 

Results 

It  was  found  that  the  volume  pf  PCA's  and;  ECP ’s  was  top  great 
for  the.  project  manpower  and-  budgets  Design  changes  are  ihi- 
tiated  for  a variety  of  reasons  including  advancement  in  s^tate 
of  the  art,,  safety/,  customer  request;,  specification  violations, 
cost  reduction,  prpduct  improvement,  and  reliability  improve- 
meht.  Determining,  whether  a PCA  resulted  in.  improved  relia- 
bility or  not  repaired  lengthy  =daca  search  and  analysis.  It 
was;  determined  that  the  practical  way  to  approach  the  problem 
was  to  search  for  corrected  problems  and  to  key  those  back  to 
the  ihdividual  ECP's  and  PCA's  to  determine  effectivities. 

The  configuration  changes  that  resulted  in-  reliability  improve- 
ments could  then  be  established. 


DATA  T^PE;. 

D/MR  (Discrepancy/Malfuhction  Report)  fpr  the  OH-58A 
Data  Description 

The  D/MR  (BHC  Form-  7871  57985)  is  used  by  BHC  Service  repfe- 
sentatiyes  and  customers  to  report  prpblems/failures  and  to 
request  warranty  consideration;  The  D/MR  form  is-  blocked  for 
keypunch  and  contains  aircraft  time  and  part  time,  serial 
numbers,  part  number,  and  a description  of  the  failure,  a 
knpwn  or  suspected  cause,  and  action  taken.  This  information 
is  computer  processed  and  listed  by  aircraft  mpdel. 

Intended  Use  in  This  Study 

Since  there  was  no  M&R  field  program  performed  on  the.  OH-58A, 
a cursory  analysis  of  the  D/MR  data  was  conducted'  to  determine 
if  it  was  suitable  for  use  in  this  growth  study. 

The  D/MR  data  .for  FY  68,  FY  69  and  FY  70  OH-58A  aircraft  was 
reduced,  and  summary  sheets  were  prepared  containing  failed 
parts  information  used  to  calculate  and  plot  MTBF  versus 
calendar  time.. 
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Results 

It  was  determined  from  the  above  data  review  that  the  D/MR 
file  did^  not  adequately,  coyer  any  configuration  beyond  the 
first  OH-58A  FY  68  configuration;  therefore,  no  reliabi/luty 
growth  could  be  shown. 


DATA  TYPE 

Component  Overhaul  Data 
Data  Description 

BHC  Reliability  Engineering  Group  has  files  of  Major  Component 
Overhaul  Data  from  overhauls  at  BHC  and  ARADMAC.  The  ARADMAC 
data,  supplied  oh  listings  from  the,  Atmy,  are  keypunched  and 
added  to  the  BHC  files.  The  data  are  stored  on  two  magnetic 
tape  files  (five  reels)  except  for  12  file  drawers  o’f  com- 
pleted OSM  634  forms.  One  file,  W6400,  contains  removal  data- 
including  aircraft  serial  number,  part  number,-  time,  component 
serial  number  > and  other  information  related  to,  the  removal 
for  overhaul.  The  second'  file,  Z500,  contains  a record  of 
each  par,t  replaced  duririg  overhaul  on  a major  componenet  in 
the  W6400  file,  including  the  reason  for  repilacement. 


intended  Use  in  This  Study. 

These  data  were  reviewed  to  determine  if  they  could  be  used 
for  configuration  traceability  of  major  components  used  on  the 
aircraft  models  involved  in.  this  study.  Other  possible  uses 
included  component  faiiure  identification,  component  time-,  and 
aircraft  time. 


Results 


It  was  determined  from  the  review  that  the  data  are  accurate 
enough  and  complete  enough  to  be  used  as  intended;  however, 
because  the  data  are  applicable  to  only  a relatively  few 
components  per  aircraft,  and  because  the  large  volume  of  data 
is  not  readily  researched,  they  were  not  used. 


APPENDIX  C 

APPLICATION  -OF  THE  RELIABILITY  GROWTH  PREDICTION 
TECHNIQUE  TO  A HYPOT;HETfCAL  HELICOPTER 


The  reliability  growth  prediction  .technique  developed  in 
Section  4.0  of  this  study  has  been  applied  to  a hypothetical 
helicopter.  Three  different  situations  will  be  presented  to 
illustrate  the  use  of  the  prediqtion  technique.  The  followihg 
will  be  common  to  the  first  two  situations.  A new  helicopter 
has  been  designed  and  fabricated.  Several  prototype  aircraft 
have  been  flight  tested  and  initial  production  deliveries  will 
begin  soon.  A reliability  and  maintainability  monitoring 
program  will  use  the  first  30  helicopters"  available.  The  30 
helicopters  will  fly  an  average  of  40  flight  hours  or  more  per 
month.  The  data  from  these  sample  aircraft  will  be  used  in  a 
concerted,  organized  effort  of  problem  identification  and 
corrective  action. 

Situation  #1.  Through  flight  test  of  the  prototype  aircraft 
and  predictions  based  on  design  changes  to  be  incorporated  oh 
the  production  aircraft,  the  off-board  MTBF  has  been  determined 
to  be  5.5  hours.  The  minimiam  acceptable  MTBF  is  8. 4- hours. 

How  much  reliability  testing  will  be  required  to  achieve  the 
minimum  acceptable  MTBF? 


Given: 


/ MTBF. 
"^t  ^ " MTBF, 


^139 


Find  T^: 


MTBF^g  =5.5 
MTBF,^  = 8.4 


T - / 1 - 5.5  hr 
■^t  I ^ 8.4  hr 


7.139 


T^  = 2.5  calendar  years 

Test  hour  accumulation  on  the  monitored  fleet,  T„_,  will  be 

nK 

1 0 n n V* 

T„_  = (2.5  calendar  yrs)  x 12  mo/calendar  yr  x — — 

ttix  ItlO 

T„p  = 36,000  flight  hours 


t 


Find  MTBF 


MTBFQg  = (MTBF (1  -f  .139  T^) 

MTBFqp  = (10)  (1  - .139  (4)  ). 

MTBF^g  = 4,.  4 .fir 

How  many  calendar  years  of  growth  does  this  represent?. 


Given: 


T.  = 1.618- T* 
,g  • t 


Find: 


T 

g 

T = 1.618(4) 

y 

T = 6 . 5 years 
g 
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GLOSSARY 


Baseline  Failure  Rate,(Xj^)‘  is  the  sum  of  the  failure 

rates  of  parts  that  are  common  to  a group  of  similar 
items,  e.g..,,,  components  qommpn  to  different  fiscal  year 
production  blocks  of  aircraft  of  the  same  model. 

Component  is  a basic  assembly  or  part  which  performs;  a 
function. 

Failure  is  the  inabrlity  of  a component  or  system  to 
satisfy  performance  or  design  specifications,  given  that 
the  equipment  has  previously  experienced  successful 
operation  or  acceptance  or  has  the  expectation  of  sue-? 
cessful  performance  without  adjustment,  rework/  or 
replacement.  Maintenance  actions  resulting  from  assembly 
error  by  the  manufacturer  are  considered  failures.  Main- 
tenance actions  resulting  firpm  unsatisfactory  part  condi- 
tions that  are  not  caused  by  (1)  maintenance  or  operating 
personnel,  (2)  objects  external  to  the  aircraft,  or  (3) 
failures  of  components  in  another  helicopter  subsystem 
are  considered  failures. 

Failure  Rate  (X)  is  the  number  of  failures  per  unit  time,, 


Failures 
Flight  Hours 


assuming  that  failure  distribution  of  time  to  failure 
is  exponential. 

Helicopter  System  is  the  helicopter,  consisting  of 
all  its  systems. 

Mean-Time-Between-Failures  (MTBF)  is  the  average  opera- 
tional flight  time  in  hours  (for  fleet  or  sample)  between 
failures.  It  is  determined  by  dividing  the  total  observed 
or  mpnitored  flight  time  by  the  number  of  failures  observad 
during  that  flight  time. 

MTBF  = Flight  Hours 
Failures 

Observed  ReliabiMty  is  the  reliability  of  the  sample 
of  aircraft  calculated  using  the  number  of  failures, 
observed  and  flight  hours  accrued  during  a defined 
elapsed  calendar  time. 
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GLOSSARY  - Concluded 

8. 

Off-board  MTBF  is  the  MTBF  of  a design  that  has  been 
successfully  translated  into  flight-quality  .hardware. 
For  helicopters,  the  first  flight  is  the  time-  that  the 
design  is  considered  off-rboard. 

9. 

Production  Effectivity  is  the  identification,  by  first 

delivered  aircraft  tail  number  for  the  fiscal  year  of 
production^  of  the  production  incorporation  of  design 
changes . 


Reliability  Growth  is  the  increase  in  reliability  with 
time. 

Subsystem  is  an  installation  or  assembly  of  one  of  more 
components  which,  performs  a function  within  a helicopter 
system. 

System . Reliability  is  the  probability  that  the  end  item 
(helicopter),  will  fly  for  a specified  time  without  in- 
curring a failure  in  any  subsystem  or  comjponent  which 
would  require  unscheduled  maintenance. 

a.  If  reliability  growth  can  be  shown  as  a straight  line 
or  lines  on  log-log  paper,  then  a is  the  slope. 


ipge (yi/y) 

a = log  (x  /±y  ' where  (x,y)  and(x^,  y^)  are  two  points 
^ on  a line  with  a slope  of  a. 


5123-76 


